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Preface

In this decade, the development of analytical devices, especially inductively
coupled plasma mass spectrometry (ICP-MS), makes several researchers misunderstand
that “Rare earth element (REE) geochemistry is over”. It is true that the determination
of the abundances of REEs in samples became much easier than in the past, which
makes REE pattern as normal data in geochemistry. However, it also appears that some
studies lack the knowledge on the physicochemical properties and proper analytical
skills. It seems that such a bad practice has made REE geochemistry less effective. This
PhD thesis attempts to correct the misunderstanding by presenting that REE
geochemistry is still a useful and powerful tool to discuss the origin and reaction
processes that samples had experienced. To begin with, fundamental things of REEs
which are rarely mentioned in review articles, a history of their discovery, chemical

properties, REE patterns, and analytical methods, are described in Chapter 1.

In Chapter 2, the cause of positive europium (Eu) anomaly is examined. The
positive Eu anomaly is often observed for seafloor hydrothermal fluids in mid-ocean
ridge. The preferential dissolution of plagioclase was originally suggested, whereas the
formation of chloride complex which is extraordinary stable for Eu*" was the alternative
cause raised in this decade. Water-rock interaction experiments at three different
reaction temperatures are performed in this Chapter. To clarify whether the mineralogy
or stability dominates the Eu anomaly, ultra-pure water or 0.7 M NaCl solution
contacted with basaltic glass or basalt that crystallized out plagioclase is used in the

experiment.

Along with Eu, anomalous concentration of cerium (Ce) relative to its
neighboring elements is often observed in REE pattern. In Chapter 3, three important
geochemical parameters, namely, abundance, stable isotope ratio, and chemical
speciation, are obtained for Ce to derive more information from the Ce anomaly.
Adsorption and precipitation experiments simulating three different redox conditions

are performed. This study exhibits first data on stable isotopic fractionation of REE and
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discusses its possible application as a redox tracer.

The Ce isotopic fractionation data, however, were inconsistent with the previous
studies reported for other cations and did not follow the most important rule governing
the equilibrium isotopic fractionation. Thus, the isotopic fractionation of neighboring
REEs is examined to compare the fractionation data with that of Ce in Chapter 4.
Adsorption experiments with neodymium (Nd) and samarium (Sm) on hydrous ferric
oxyhydroxide (ferrihydrite) and amorphous manganese oxide (6-MnO,) are performed
since these minerals are considered as a major sink for REE in ocean. The stable
isotopic fractionation data is interpreted by their chemical speciation including
coordination number and bond length using X-ray absorption fine structure (XAFS)
spectroscopy analysis. This study indicates that in-depth analysis of the coordination
environment is important to determine the mechanisms behind equilibrium isotopic

fractionation.

An interesting subject that has long been neglected in REE geochemistry, REEs
in crude oil, is examined in Chapter 5. The molecular structure of sampled crude oils is
determined using nuclear magnetic resonance (NMR) spectroscopy on carbon atom
(®C-NMR). A comparison of REE concentrations in oils with those of coexisting water

and mud provides important findings on the origin and complex formation of REE.

The oils used in the study described in Chapter 5 were not completely matured.
In Chapter 6, therefore, the behavior of REE during the maturation process of organic
materials, which occurs after the sedimentation of mudstone or sandstone, is examined
by measuring REE concentration in oil samples collected from five oil fields in Japan
combined with the laboratory experiment simulating the release of REE from organic
phase during the maturation. Studies in Chapters 5 and 6 can bring a new possibility on

the fusion of organic and inorganic geochemistry.

As such, studies performed from Chapters 2 to 6 shows new possibilities for
REE geochemistry. These studies are linked to the Chapters 8 and 9 via Chapter 7. In
Chapter 7, the formation process of Mn carbonate nodules, namely whether the Mn

carbonate was formed primarily or secondarily, is examined as an application of Ce
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isotope ratio in geological study. This study performs geological, or sedimentrogical,
methods including microscopic observation and examination of radiolarian age
combined with geochemical data such as REE pattern, XAFS analysis, adsorption

experiment, thermodynamic calculation, and stable isotope measurement.

The rest of the thesis, Chapters 8 and 9, showed that the XAFS analysis is a
powerful geochemical tool to determine the Fe species in chert samples and brings a
new perception for geological study. The first attempt to determine Fe species in chert
samples using XAFS analysis was performed in Chapter 8 to reveal the pelagic
environment during the Carnian. This study shows the pelagic sedimentary response to
the continental climate changes. In Chapter 9, Fe and sulfur (S) species are determined
to reveal the oceanic redox change during Toarcian. These studies show that the
application of XAFS for chert samples to determine the chemical species is a very

important and powerful tool to study the paleoenvironment.

This thesis attempts to clarify the behavior of REEs in various oceanic and
sedimentary environments from ridge to subduction (Fig. 0-1). In addition, the
estimation of the paleoenvironment based mainly on the chemical species of Fe and S
determined using XAFS is performed for the future application of stable isotope

geochemistry for REEs.
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Fig. 0—1. Schematic illustration of the studies conducted in this PhD thesis.
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Abstract

REE, a collection of seventeen chemical elements in the periodic table located at
the group three such as scandium (Sc), yttrium (Y), and fifteen lanthanides, have been
used in various geochemical studies to discuss the origin and several reaction processes
that samples had experienced. After the first discovery of Y in 1794, it had taken 153
years to discover all the REEs. The similar chemical properties made the separation of
REE difficult, whereas the properties make REE the most unique geochemical tool. The

discovery of REE pattern has greatly contributed to the development of geochemistry.

Chapter 2 touches upon the cause of positive Eu anomaly. Water-rock reaction
experiment was performed using synthesized basaltic glass and basalt that crystallized
out plagioclase as the solid phase. Meanwhile, ultra-pure water or 0.7 M NaCl solution
was used for the liquid phase. Comparison of each combination showed that the basalt
containing plagioclase released larger abundances of REEs than the basaltic glass
irrespective of any solution conditions. The degree of Eu anomaly assessed by Eu/Eu*
value was smaller when 0.7 M NaCl solution was used for liquid phase for both solid
phases. Therefore, it is suggested that the possible positive Eu anomaly caused by the

formation of stable Cl complex was less effective in this experiment.

Similar to Eu, Ce can have anomalously high or low concentrations relative to
its neighboring elements, lanthanum (La) and praseodymium (Pr), because of its
chemical properties; this phenomenon is known as the Ce anomaly. This redox-sensitive
property of Ce allows the estimation of the redox state of paleo-ocean environments and
the evolution of the atmosphere. However, a consideration of only the relative
abundance of Ce may lead to an incomplete understanding of its oxidation process. In
Chapter 3, three important geochemical parameters, namely, abundance, stable isotope
ratio, and chemical speciation, were obtained for Ce to derive more information from
the Ce anomaly. In the adsorption experiments, the distribution pattern of REEs
suggests the oxidative scavenging of Ce by 6-MnO,. This finding is further supported

by the presence of Ce(IV), as detected by the X-ray absorption near-edge structure
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(XANES) spectra, which is in agreement with previous studies. However, the REE
distribution pattern combined with the XANES spectra of the Ce adsorbed on
ferrihydrite indicated that Ce may not have been oxidized by ferrihydrite in the
Ce/ferrihydrite system during our experimental period. Assuming equilibrium
fractionation, the mean isotopic fractionation factors between the liquid and solid
phases (aq-so) of (1) Ce adsorbed on ferrihydrite, (ii) spontaneous precipitation of Ce,
and (iii) Ce adsorbed on 6-MnO, were 1.000145 (+0.000022), 1.000196 (+0.000031),
and 1.000411 (£0.000079), respectively. These results indicate that the degree of
isotopic fractionation of Ce between the liquid and solid phases becomes larger as the
redox condition becomes more oxic in the following order: adsorption without oxidation
< spontaneous precipitation < oxidative adsorption. Previously, the appearance of the
Ce anomaly and/or XANES analysis constituted the tools available for exploring the
redox state. This study, however, suggests that the stable isotope ratio of Ce can be used
to clearly distinguish spontaneous precipitation from oxidative adsorption on 6-MnO,,
that occur under more oxic conditions than the Ce(III)/Ce(IV) boundary. The results
obtained in Chapter 3 suggest that the combination of the stable isotope ratio and
chemical state of Ce can be used to classify the redox condition into three stages based
on Ce geochemistry, thereby offering a powerful tool for exploring redox conditions in

paleo-ocean environments.

As described in Chapter 3, many elements have become targets for studies of
stable isotopic fractionation with the development of various analytical techniques.
Although several chemical factors that control the isotopic fractionation of heavy
elements have been proposed, it remains controversial which properties are most
important for the isotopic fractionation of elements. In Chapter 4, the stable isotopic
fractionation of Nd and Sm during adsorption on ferrihydrite and 8-MnO, was
examined to compare the stable isotopic fractionation data of Ce. This examination was
combined with speciation analyses of these ions adsorbed on the solid phases by
extended XAFS (EXAFS) spectroscopy. Neodymium isotope ratios for Nd on
ferrihydrite and 6-MnO, systems were, on average, 0.166 and 0.410%o0 heavier than

those of the liquid phase, which corresponds to mean isotopic fractionation factors
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between the liquid and solid phases (0rq-so) of Nd on ferrihydrite and 8-MnO; of
0.999834 (26 = + 0.000048) and 0.999590 (26 = + 0.000106), respectively. Similarly,
averaged Sm isotope ratios on ferrihydrite and 8-MnO, were 0.206 and 0.424%o0 heavier
than those of the liquid phase and the corresponding oiqs, values were 0.999794 (+
0.000041) and 0.999576 (= 0.000134), respectively. These results indicate that the
directions of isotopic fractionation in the Nd and Sm systems are the opposite to that
recently found for Ce(IIl) systems despite the similar chemical characteristics of rare
earth elements. EXAFS analyses suggest that the bond length of the first coordination
sphere (REE-O bond) of Nd and Sm adsorbed on 6-MnO, is shorter than that of their
aqua ions, although this was not clear for the ferrihydrite systems. The shorter bond
length relative to the aqua ion is indicative of a stronger bond, suggesting that the
equilibrium isotopic fractionation for the Nd and Sm systems can be governed by bond
strength as has often been discussed for isotopic fractionation in solid—water adsorption
systems. Meanwhile, EXAFS analyses of the Ce/ferrihydrite system showed a distorted
structure for the first coordination sphere that was not observed for Ce’* aqua ions. Such
distortion was also observed for La adsorption on ferrihydrite and 6-MnQO,. In addition,
previous studies have suggested a high stability of the hydrated state for La and Ce in
terms of Gibbs free energy change. Thus, this study suggest that the difference in the
stable isotopic fractionation for Ce (and predicted for La) vs. Nd and Sm can be
explained by (i) the shorter bond lengths of adsorbed relative to dissolved species for
Nd and Sm and (ii) the distorted structure of adsorbed Ce (and La) species and high

stability of the aqua Ce ion.

Aside from the stable isotope study, there is another subject that has a lot of
potential, REEs in crude oil. Patterns of the entire range of REE in crude oils and
coexisting water, collected from mud volcanoes in Xinjiang Province of China, are
reported in Chapter 5. Crude oils showed light REE enriched patterns with flat or
depleted patterns in heavy REE, when normalized to chondrite. The REE concentrations
in crude oils were larger than those in coexisting water by a factor of more than one
hundred. Considering the hydrophobicity of oil and the high ionic characteristics of

REE, it is strongly suggested that REE form complexes with ligands present in the
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crude oils. Based on the >C NMR spectroscopy, small amounts of phenol and carboxyl
groups were found in the crude oil samples, which could possibly provide complexing
sites for REE. REE patterns of crude oils are similar to those of coexisting mud samples
collected from the same mud volcanoes, which suggests that the REE in crude oils are

derived from rocks and sediments where crude oils were generated.

In Chapter 6, the abundance of REEs in crude oils collected from 5 oil fields in
Japan was determined to examine the behavior of REEs during the maturation of
organic materials. The ?C-NMR does not show peaks corresponding to the existence of
carboxyl groups in crude oils used in this study. Abundances of REEs in oils without
containing carboxyl groups are about three orders of magnitude lower than those having
carboxyl groups (Chapter 5), suggesting that the existence of carboxyl group plays an
important role for REE retention in crude oil. REE distribution experiment on a slate in
a solution containing humic acid shows that REEs are released from organic phase and
re-distributed to the solid phase during decomposition of carboxyl groups. The REE
abundances in crude oils with or without containing carboxyl groups suggest that the
production of a barrel of crude oil can be associated with release of 16 g REE from
organic phase. Considering the reserve estimate of oil in the world, such amount may
affect the global budget of REE. In addition, other metal elements behaving similarly to
the REE may also be released from organic phase whereas those behaving differently to

the REE can be retained in the organic phase.

In Chapter 7, the formation process of Mn carbonate nodules, namely whether
the Mn carbonate was formed primarily or secondarily, was examined as an application
of Ce isotope ratio in geological study. The optical observation of thin sections shows
that Mn carbonate nodules are comprised of with abraded grains of rhodochrosite
spherule with radiolarians and are sedimentarily embedded in siliceous mudstone.
Microfossil radiolarians from the Mn carbonate nodules and the host red siliceous
mudstone are dated as the Bajocian, but radiolarians in the nodules are somewhat older
than those in the host red siliceous mudstone. XANES analysis showed dominance of
trivalent Ce at present, despite of a positive Ce anomaly in the PAAS-normalized REE

pattern of Mn carbonate. The REE adsorption experiment on synthesized MnCO3 does
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not show any distinctive positive Ce anomaly and a thermodynamic calculation suggests
the possible coexistence of authigenic rhodochrosite and spontaneous oxidation of Ce.
The leaching experiment that can selectively decompose carbonate phase demonstrated
no Ce anomaly in the carbonate phase of Mn carbonate and poor contribution to the
bulk REE concentration. In addition, Mn carbonate nodule was enriched in the heavier
Ce isotopes than siliceous mudstone beyond the analytical uncertainty. The most
plausible account of all the observational and experimental results is that rhodochrosite
grains were primarily formed on the depositional site and subsequently transferred to

the different site where siliceous mudstone was deposited.

Chapter 8 focuses on the Carnian pluvial event (CPE) which is a drastic
environmental change that occurred in the shallow western Tethys during the Carnian
(Late Triassic). Whether the CPE was a global event that included the pelagic
environment or not is not clear. To reveal the pelagic environment during the Carnian,
XAFS analysis was used to determine the Fe species in chert samples collected from the
Ladinian—Carnian strata in the Tamba-Mino-Ashio Belt, Japan. The XANES analysis
showed that all the red cherts contain hematite with a combination of clay minerals,
such as illite, chlorite, and smectite. The existence of these minerals was identified
using EXAFS. The XANES analysis of the green and the white cherts did not show any
hematite signatures, while the EXAFS analysis indicated increasing amounts of chlorite.
The stratigraphic change in the Fe-bearing compositions observed in this study can be
divided into three stages: (i) a stage where a relatively stable mineral composition
(chlorite + illite + hematite) was observed in cherts deposited during the early to middle
Carnian, (ii) the abrupt change in mineral composition (lack of chlorite and appearance
of smectite) observed in the middle area in the studied section and corresponding to the
middle Carnian, and (iii) the recovery of the previous stable mineral composition during
the late Carnian. These variations in the mineralogical composition of pelagic cherts
suggest that the continental climate conditions changed during the Carnian, and
different clay fractions were delivered to the pelagic region. These data, combined with
the results of previous studies performed around the continental realm, can be

interpreted as follows: (i) there was a relatively stable and dry climate before the CPE,
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(i1) there were increasing amounts of precipitation owing to the CPE, and (iii) the

climate returned to the dry conditions similar to those prior to the CPE.

Chapter 9 focuses on the Toarcian oceanic anoxic event (T-OAE), the disorder
of the global ocean-atmosphere system occurred in the Early Toarcian (Early Jurassic).
Several studies have focused on this topic based mainly on the carbon isotope ratio and
modeling. However, discussion based on the speciation of redox-sensitive element has
not sufficiently been performed. This study, therefore, aims to reveal the Fe and S
species in chert samples collected from the Tamba-Mino-Ashio Belt of Japan using
XAFS analysis. Iron K-edge XANES showed that pyrite dominated the Fe species in
chert samples, which was further confirmed by EXAFS analysis. The EXAFS analysis
of black chert suggests that the small amount of Fe exists as Fe’" form, which can be
due to (i) slightly oxidized during the weathering, and/or (ii) adsorption of Fe’" on
organic matters. Sulfur K-edge XANES also supported the dominance of pyrite.
However, small amount of sulfate (S°") species were identified in both black and gray
cherts. The amount of sulfate fraction increased with depositional order, namely, the
lowest sulfate fraction was estimated for gray chert deposited before the deposition of
black chert which suggested to be formed during T-OAE. Meanwhile, the largest
contribution of sulfate species was observed from gray chert structurally above the
black chert. These facts suggest that the gradual recovery, namely neutralization, from

oceanic acidification occurred during the T-OAE.
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Chapter 1

History and development of rare earth element geochemistry

1.1 What is rare earth element?

The International Union of Pure and Applied Chemistry (IUPAC) defines rare
earth elements (REEs) as a collection of seventeen chemical elements in the periodic
table located at the group three such as scandium (Sc), yttrium (Y), and fifteen
lanthanides (Connelly et al., 2005). Although lanthanide means “like lanthanum (La)”
and as such should not be included, it has become included by common usage.
Scandium and Y are included in REEs since they tend to occur in the same ore deposits
as the lanthanides and exhibit similar chemical properties. A number of review articles
and books of REE geochemistry have been published in the past (e.g., Haskin and
Paster, 1979; Hanson, 1980; Henderson, 1984; Taylor and McLennan, 1988; Lipin and
McKay, 1989). It is unnecessary to merely duplicate these descriptions. However, these
reviews did not mention more fundamental things of REEs. In this chapter, therefore, a
history of their discovery, chemical properties, REE patterns, and analytical methods

are described.

1.2 Discovery of rare earth element

It all began when Carl Axel Arrhenius (1757-1824), a lieutenant in the Swedish
army, found an interesting and dense black mineral in a small feldspar and quartz mine
in a village of Ytterby, Sweden in 1787 (Fig. 1-1). The black mineral named as ytterbite
by Arrhenius was examined by the Finnish chemist Johan Gadolin (1760-1852). He
found that the black mineral contained 38% of a new “earth type” element and named
this new earth as ytterbia (Gadolin, 1794). His analysis was confirmed three years later
by the Swedish chemist Anders Gustaf Ekeberg (1767-1813) who shortened the name
to yttria (currently called as yttrium; Y). It is interesting to note that the word Ytterby

means outer village and is a common name in Sweden. However, it is easy to find the



true “Ytterby Mine”, since a number of streets around the Ytterby Mine are named after
elements such as yttrium, terbium, ytterbium, and tantalum (though tantalum is not REE,
it was also discovered from Ytterby Mine), feldspar (faltspat), mica (glimmer), the mine
itself (gruva), and gadolinite (the name of the black mineral originally called as ytterbite
had finally renamed as gadolinite; see below) (Fig. 1-1C; Marshall and Marshall,
2001).

On the other hand, Vilhelm Hisinger (1766—1852), a Swedish ironmaster,
together with the young chemist Jons Jakob Berzelius (1779—1848) analyzed a sample
named as the “tungsten (heavy stone in Swedish) from Bastnis”, later called as cerite,
and found another earth type element similar to yttria in 1803. They firstly named the
element as ceria (= cerium; Ce) in honor of Ceres which is the first asteroid discovered
in 1801 (Hisinger and Berzelius, 1804). Independently, the German chemist Martin
Heinrich Klaproth (1743-1817) also analyzed the cerite and found the light brown
colored element which Hisinger and Berzelius also found (Klaproth, 1803). Klaproth
also renamed the black mineral found in the Ytterby into gadolinite to commemorate

Johan Gadolin.

However, neither yttria nor ceria was a “pure” new element. In 1839, Carl
Gusstav Mosander (1797-1858), a Berzelius’s student, extracted a new earth type
element from ceria. He separated ceria into pure ceria and the new earth, lanthana (=
lanthanum; La), named after the Greek word lanthanein (hidden), because it was hidden
in ceria for 36 years (Mosander, 1839). Mosander also found that the lanthana contained
another earth which he names as didymia (= didymium; Di) taken from a Greek word
didymos meaning twins because it closely resembled lanthana (Mosander, 1842).
Mosander next had interests in the yttria and separated it into three fractions: (i) a deep
yellow peroxide was named as erbia (= erbium; Er), (ii) a rosy colored salt was named
as terbia (= terbium; Tb), and (iii) a colorless oxide fraction was continued to be called
as yttria (Mosander, 1843). Since the two new earths were separated from yttria,
Mosander derived the names of them from the village Ytterby. However, the names of
erbia and terbia became interchanged due to the similar properties of them. In 1862, the

Swiss chemist Marc Delafontaine (1837—1911) reexamined yttria and found the yellow



peroxide. Because the name erbium had now been assigned to the rose colored oxide, he
re-introduced the name terbium for the yellow peroxide. Thus, the original names given

by Mosander are now switched.

A growing number of elements were discovered in the 19th century and the
REEs were not exceptional. Before 1800, only 34 elements including one REE (yttria)
were identified, which was increased to 84 elements at the dawn of 20th century (Krebs,
2006; Fig. 1-2). The invention of the spectroscope in 1859 by the German chemist
Robert Wilhelm Bunsen (1811-1899) and the physicist Gustav Robert Kirchhoff
(1824-1887) helped the discovery of the element. In particular, it was important for the
identification of REEs. In 1878, the Swiss chemist Jean-Charles Galissard de Marignac
(1817-1894) showed that Mosander's terbia, now erbia, could be separated into two
earths: the rose-colored earth he continued to call erbia and the colorless one he named
ytterbia (= ytterbium; Yb) also after the Ytterby village (Marginac, 1878). This erbia
was further separated into a purified erbia and two new earths in the following year by
the Swedish chemist Per Theodor Cleve (1840-1905) (Cleve, 1879a). He named a
brownish precipitate as holmia (= holmium; Ho) which is the Latin name of Stockholm
where he was born, and the greenish fraction as thulia (= thulium; Tm) taken after Thule,
the old name for Scandinavia. In the same year, the Swedish chemist Lars Fredrik
Nilson (1840-1899) found traces of an unknown earth included in ytterbia which he
named scandia (= scandium; Sc) after Scandia, a Latin name for Scandinavia (Nilson,
1879). Cleve immediately proved that scandia was Mendeleev’s hypothetical element
called ekaboron (Cleve, 1879b). Also in the same year, the French chemist Paul-Emile
Lecoq de Boisbaudran (1838-1912) analyzed a mineral called samarskite which was
originally discovered in Southern Ural Mountains and noted that another new earth
precipitated before didymia when ammonium hydroxide was added. The new earth was
named as samaria (= samarium; Sm) following to the name of the mineral (de
Boisbaudran, 1879). In 1880, Marignac split terbia into pure terbia and an unknown
element which he provisionally named Ya (Marginac, 1880). Six years later, in 1886,
Lecoq de Boisbaudran separated a pure form of the earth Ya from Mosander's didymia.

Boisbaudran proposed and Marignac agreed to rename Yo to gadolinium (Gd) in honor



of Johan Gadolin (de Boisbaudran, 1886a). In the same year, Boisbaudran also found
that the Clave’s holmia was impure and separated a new oxide named dysprosia (=
dysprosium; Dy) derived from the Greek dysprositos meaning difficulty to obtain (de
Boisbaudran, 1886b). One year before the achievement by Lecoq de Boisbaudran, one
REE was removed from the periodic table. An Austrian chemist Carl Auer von
Welsbach (1858-1929) succeeded to separate didymia into two new earths. The less
abundant pale green salt was named as praesodymia (= praseodymium; Pr) meaning
green didymia, whereas the more abundant new earth was named as neodymia
(=neodymium; Nd) meaning new didymia (von Welsbach, 1885). As seen above, 13
REEs were found within 100 years, meaning that 14 of 17 REEs were identified by the
end of the 19th century. In particular, 9 REEs were discovered after the invention of the

spectroscope.

In 1896, the French chemist Eugéne-Anatole Demarcay (1852-1903)
constructed an improved induction coil that produced extremely hot, luminous, globular
sparks from electrodes of high-purity platinum and found a new element between
samarium and gadolinium (Demargay, 1896). He made a series of extensive
fractionations of an impure samarium-magnesium nitrate and resulted in the discovery
of a new rare earth named europium in honor of the continent of Europe where the
element was discovered (Demarcay, 1901). In 1907, the French chemist Georges Urbain
(1872—-1938) and Auer von Welsbach independently demonstrated that ytterbia contains
one more oxide. Urbain named the new element as lutecium, after the ancient name for
his native city, Paris (Urbain, 1907), whereas Auer von Welsbach named as cassiopium,

after the constellation Cassiopeia (von Welsbach, 1908).

It took 40 years to identify the last REE, because, as currently known, the
element does not have any stable isotopes. However, an existence of the last REE on
atomic number 61 was predicted in 1914 using the X-ray spectra. The English physicist
Henry Gwyn Jeffreys Moseley (1887-1915) found that the square root of the
multiplicative inverse of frequencies of the characteristic X-ray emitted from elements
were proportional to the element's atomic number (Moseley’s law; Moseley, 1913).

Next year, he extended the experiment from aluminum to gold and suggested the



possible occurrence of three elements on the atomic number of 43, 61, and 75 (Moseley,
1914). The isolation and identification of element 61 was finally achieved by three
American chemist at Oak Ridge National Laboratory, Jacob Akiba Marinsky (1918—
2005), Lawrence Elgin Glendenin (1918-2008), and Charles DuBois Coryell (1912—
1971). Although the element was separated and analyzed from the fission products of
uranium fuel irradiated in a graphite reactor in 1945, they could not announce their
findings until 1947 because of critical research during World War II (Marinsky et al.,
1947). The name of the element, initially prometheum, was derived from Prometheus
(meaning “a person of foresight” in Greek), the Titan in Greek mythology who brought
fire down to humans. The IUPAC later changed the spelling to promethium to conform

to the other elements.

The history of the discovery of REEs is, as described above, long and
complicated (Table 1-1, Fig. 1-3). In particular, the removal of didymia from periodic
table, originally found in 1842 and meant the twin of lanthana, shows how similar
chemical characteristics the REEs have, because didymia was actually a mixture of Sm,
Pr, Nd, Gd, and Eu. A careful look on Fig. 1-3 notifies that the lanthanide having
smaller atomic number, La-Eu, were separated from cerite, while those of larger
(Tb-Lu) with Sc and Y were split from gadolinite (ytterbite). Only Gd locating at the
middle of lanthanide was discovered and purified from both gadolinite and cerite. This
fact is not a coincidence, but closely related to the chemical characteristics of REEs.

Therefore, the properties are described in the following section.

1.3 Chemical properties of REEs

Lanthanum is the first member of the third series of transition elements which
are made of elements with unfilled f-orbitals. Lanthanides (Ln) can only be
distinguished by their 4f-electrons (Table 1-2), hence they are often called 4f-elements,
which explains their close similarity. Atoms generally have electrons in orbitals which
locate closely to their nucleus. In contrast, it should be noted that, Ln have electrons in

outer orbits than 4f before the complete filling of 4f orbital. This phenomenon is caused



by the higher orbital energy for 4f than the outer orbitals such as 5s and 5p. The spatial
extent of 4f orbitals locates mainly inner than those of 5s, 5p, 5d, and 6s, meaning that it

can be considered as isolated electron system.

The electronic configuration of Sc’* ion is exactly the same with that of argon
atom (1s’2s2p°3s*3p°), while that of Y>" ion is the same with krypton
(1s*25*2p®3s*3p®3d'%4s?4p°). Lanthanum ion shows the same electronic configuration
with xenon (1s*2s*2p°3s*3p°3d'%4s°4p®4d'?55*5p®), while Ce’" fills 4f' between 4d'® and
5s”. The electrons religiously occupy 4f orbitals from Pr’* to Lu’" except for Gd*".
Given that 14 electrons can occupy the f-shell, the complete occupation is only achieved
by Lu (Table 1-2). Thus, electrons are completely filled for Sc*, Y*', and Lu’" ions,
and they are considered as the typical trivalent alkali earth ions. Hence, IUPAC

recommends that it is better to place Lu instead of La in the periodic table.

Two important characteristics, ionic radius and valence state, make REEs useful
geochemical tool. It is generally true for most ions that with increasing atomic number,
the number of electrons also increased. To contain the electrons in their orbits, the ionic
radii become larger with increasing period (Fig. 1-4). The exceptions are observed for
lanthanide and actinide, which have incompletely filled f orbits. Electrons in the 4f
orbital cannot shield the nuclear charge by increasing atomic number, which resulted in
the attraction of lanthanide’s electron cloud. This characteristic, named as the lanthanide
contraction, makes the REEs unique, because REEs are generally stable at trivalent state.
Taking into a concept of ionic potential, charge/radius ratio, the heavier the REEs, the
higher the ionic potential, which leads to the more strong bonding in a complex.
Another important thing is the reduction/oxidation (redox) sensitive character. Higher
ionization potentials from Ln*" to Ln’" are observed for Eu and Yb, meaning that these
two ions can stably form divalent ions (Fig. 1-5). In contrast, lower ionization
potentials for Ce, Pr, and Tb from trivalent to tetravalent state indicates that these ions
can be stable in tetravalent state. Although the formation of Yb*', Pr*', and Tb*" is
theoretically possible, Eu*" under reducing condition and Ce*" under oxidizing
conditions are more common in natural systems. In any case, the systematic distribution

of REEs due to the lanthanide contraction and the redox sensitive characteristics make



REEs the most unique and useful geochemical (and cosmochemical) tracer in natural

environment.

1.4 REE pattern

In addition to the chemical properties described above, there is a way to handle
and compare the data among various types of samples, the normalized REE pattern,
which makes REE unique beyond comparison. In general, even-numbered elements are
more abundant than the odd-numbered elements due to the greater stability of
even-numbered nuclides in the nucleosynthesis (Oddo-Harkins effect). Lanthanide also
shows the Oddo-Harkins effect (Fig. 1-6A). However, a breakthrough idea was
suggested by a Japanese researcher in 1962, which is now commonly used as a
normalizing method of REE data (Masuda, 1962). This simple but powerful method
consists of forming a ratio of one REE concentration to another (Fig. 1-6B). The
procedure includes several advantages: (i) the Oddo-Harkins effect is cancelled out and
a smooth curve is provided due to the similar chemical properties among REE’", (ii) if
normalized by the same material, the patterns enable us to compare different samples,
and (iii) relative degrees of enrichment or depletion is displayed. A comparing material
is selected to reflect the fractionation on which one wants to focus. For instance,
petrological (and cosmochemical) studies prefer to use CI-chondrite as the normalizing

material, whereas shale is commonly used in studies on sedimentary rocks.

Several characteristics can be found in the REE pattern (Fig. 1-6B). The
chondrite-normalized value of Ce in seawater is plotted out of smooth curve between La
and Pr. This is caused by the chemical property of Ce. As described in the section above,
Ce can be stable in tetravalent state under oxic condition with very low solubility
compared to the other trivalent REEs. This fact means that, if Ce is oxidized to
tetravalent state and adsorbed on particulate matters, Ce is effectively removed from
seawater. As a result, Ce concentration in seawater becomes lower than the other REEs
when normalized to chondrite or shale. Similarly, Eu also shows depleted values in

normalized REE pattern due to its stability in divalent form. In contrast, REE patterns of



plagioclase and feldspar show enriched Eu values (Gromet and Silver, 1983). These two
behaviors are called as Ce and Eu anomalies and have been quantified as Ce/Ce* and
Eu/Eu*. In the case of Ce, Ce* is the theoretical value assuming no anomaly, namely a

smooth pattern between La and Pr, which is calculated as:

Ce/Ce* = Cen/4/Lay x Pry;, (1-1)

where the subscript N denotes normalized values. It is true that several methods have

been established to evaluate the Ce/Ce* value;

Ce/Ce* = 3Cen/(2Lan + Ndn) (Elderfield and Greaves, 1982), (1-2)
Ce/Ce* = log[3Cen/(2Lan + Ndy) (Wright et al., 1987), (1-3)
Ce/Ce* = 5Cen/(4Lan + Smy) (Toyoda et al., 1990), (1-4)

Ce/Ce* = Cen/(La¥*+ Nd\*) — 1 (Grandjean-Lécuyer et al., 1993), (1-5)
or more simply, the arithmetic mean is also widely used as follows:
Ce/Ce* = Cen/[(Lan + Prn)/2]. (1-6)

However, a geometrical mean, or Eq. 1-1, should be used because REE patterns are
generally plotted on a logarithmic scale (Taylor and McLennan, 1988). If the Ce/Ce*
value is larger than 1, Ce is plotted above the line connecting La and Pr, which is called
as positive Ce anomaly. Meanwhile, if the Ce/Ce* value is lower than, Ce is plotted
below the La-Pr line such as chondrite-normalized REE pattern of seawater (Fig. 1-6B),
which is called as negative Ce anomaly. Similarly, Euw/Eu* value should also be

evaluated by

Eu/Eu* = Eun/y/Smy x Gdy. (1-7)

Another important character is tetrad effect, which was firstly discovered in the
liquid-liquid extraction system of REE (Peppard et al., 1969). The effect causes four
separate curves consisting of La-Ce-Pr-Nd, Pm-Sm-Eu-Gd, Gd-Tb-Dy-Ho, and
Er-Tm-Yb-Lu in logarithmic plots of the REE patterns or distribution coefficients
against the order of the atomic numbers of the lanthanides. Since the 15 lanthanides are
separated into four groups, it is called as the tetrad effect. The tetrad effect shown in

natural samples were firstly reported by Masuda and Ikeuchi (1979). A lot of following



theoretical and experimental studies confirmed the presence of the tetrad effect (e.g.,
Kawabe 1992, 1999a; Kawabe et al., 1999a; Ohta and Kawabe, 2000). Similar to the Ce
and Eu anomalies, there are two kinds of tetrad effect, M-type or W-type tetrad effect.
The M-type tetrad shows upward concave curve, and is generally observed for the
complex forming site with ligands or solid phases which had reacted with the fluids. In
contrast, the W-type tetrad, the downward concave curve, is observed for seawater (Fig.
1-6B). The direction of the tetrad effect, namely M- or W-type, is explained by the
difference in Gibbs free energies of REE species in solid and liquid phases during the

partitioning (Kawabe et al., 1999a).

It should also be noted that, in many cases, Y is plotted between Ho and Er in
REE patterns to compare the abundance ratios of Y and Ho (Fig. 1-6). The Y and Ho
are often compared as geochemical twins, since the behavior of these elements in the
natural environment is similar owing to their identical ionic radii in the 6-fold
coordination (Fig. 1-4; Shannon, 1976). Actually, Y/Ho weight ratios are almost 28 for
chondrite, shale, and mid-ocean ridge basalt (Fig. 1-6), the much higher Y/Ho ratios are
reported in seawater and marine carbonates (e.g., Alibo and Nozaki, 1999; Bau et al.,
1996; Kawabe et al., 1991). In contrast, lower Y/Ho ratios are observed for deep-sea
ferromanganese nodules and crusts (Bau et al., 1996). These observations are also
confirmed by the laboratory experiments (Bau, 1999; Ohta and Kawabe, 2000; Tanaka
et al., 2004). The Y/Ho fractionation has been attributed to the greater covalency of Ho
relative to Y (Choppin, 2002) or to the difference of change in the covalency of bonding

associated with ligand exchange (Tanaka et al., 2008).

As such, the REE pattern shows several characteristics which enable us to
discuss the origin and several reaction processes of samples. However, it should be
noted that precise analysis is necessary to elucidate some information from REE pattern.
Data with analytical uncertainty of 1% and 10% differ to a large degree. Masuda (2003)
indicated that the development of analytical devices enables us to determine the REE
concentration easier than the past couple of decades, which resulted in a poorer quality
of the REE data. The quality of the data is largely related to the analytical equipment,

hence, the analytical methods of REE are reviewed in the next section.



1.5 Analytical methods

There are several methods to determine the REE abundance in unknown samples.
Traditionally, spectrophotometry and X-ray fluorescence spectrometry (XRF) had been
the popular devices to measure the REE content, which are currently superseded by
inductively coupled plasma mass spectrometry (ICP-MS). Before the development of
the ICP-MS, neutron activation analysis (NAA) (e.g., Goldberg et al., 1963; Schmitt et
al., 1963; Hogdahl et al., 1968; De Baar et al., 1985) and isotope dilution mass
spectrometry (ID-MS) (e.g., Masuda, 1966; Masuda and Ikeuchi, 1979; Piepgras et al.,
1979; Elderfield and Greaves, 1982) were the main techniques used to determine the
REE. In the NAA, the sample is bombarded with neutrons which causes the elements to
form radioactive isotopes. Subsequently, radioactivities of generated radionuclides were
determined to obtain abundances of the original nuclides. Sensitive determination of
REE concentration is possible using NAA, because the neutron capture cross section of
REE is generally large. Another merit is that NAA is non-destructive analysis. However,
chemical separation for preparation is better to be done for accurate and precise analysis.
The most serious disadvantage is that NAA requires large amount of samples. To give
an example, NAA uses 30 L of seawater to determine all the REE concentration. On the
other hand, ID-MS comprises the addition of isotopically enriched standard materials
directly to the analyte. The specificity of ID-MS lies in the employment of signal ratios,
though another analytical methods rely only on the signal intensity. Owing to these
advantages, ID-MS is regarded as the method which enables us to determine the
concentration with the highest accuracy and precision. However, this method also has
two significant disadvantages: (i) accurate analysis takes long time, and (ii) the
determination of monoisotopic elements is not possible. The latter is very important
since Sc, Y, Pr, Tb, Ho, and Tm do not have two or more stable isotopes, which makes
difficult to evaluate the third tetrad (Gd-Tb-Dy-Ho). In addition, the lack of the data on

Pr disables to assess the Ce anomaly using Eq. 1-1.

The development of ICP-MS enables us to determine the REE concentration
easily and quickly. The strongest point is that the simultaneous multi-element

determination of trace elements can be performed with low detection limits. Because of
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these advantages, application of ICP-MS to various analytical studies has been widely
developed. The widespread development of ICP-MS made us to determine the REE
abundance of samples as “a part of a routine work”, resulted in “the end of the studies
on REE” (Masuda, 2003). In addition to the expansion of ICP-MS, Masuda (2003)
suggested that the lack of knowledge on physicochemical properties of lanthanides
played another role. He pointed that the Pm is occasionally removed from the horizontal
axis of REE pattern because of the shallow idea that Pm does not have any stable
nuclides. Masuda (2003) also wrote that the quality and value of the data differ
significantly if the uncertainty is 1% or 10%. To use full advantages of brilliant and
unique characteristics of lanthanides, poor quality data are not needed. It is deplorable

that only a few researchers understand these important facts (Masuda, 2003).

To obtain the accurate data using ICP-MS, preparation and purification should
be performed. The ionization potential of argon plasma can be decreased by the matrix
elements, which can result in the underestimation of REE abundance. A comparison of
analytical methods using ICP-MS clearly showed the importance of purification (Fig.
1-7; after Hirata et al., 1988). The ICP-MS itself has developed in two decades, and can
provide better data without requiring a specific technique. However the knowledge on
the physicochemical properties and proper analytical skills are essential to use and

discuss the REE data for geochemical materials.

1.6 Concluding remarks

It had taken 113 years to discover the nature existing REEs, and more than one
and a half centuries for all the REEs. The similar chemical properties made the
separation of each REE difficult. On the other hand, the chemical properties make REE
the most unique geochemical tool to discuss the origin and several reaction processes
that samples had experienced. The discovery of the REE pattern which can cancel out
the Oddo-Harkins effect has greatly contributed to the development of REE
geochemistry. After the deployment of the ICP-MS, REE abundance data have been

provided much more easily than before. On the other hand, abundant data quickly
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obtained for REE have decreased the quality and disabled the full use of advantages.
The knowledge on the physicochemical properties and proper analytical skills are

necessary before the use and discussion of the REE data for geochemical materials.
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Table 1-1. Discovery and isolation of REEs

Name Symbol Discovery Isolation Origin of Name

Scandium Sc 1879 1879  Latin Scandia (Scandinavia)

Yttrium Y 1794 1843 Ytterby village in Sweden
Lanthanum La 1839 1842 Greek lanthanein (hidden)

Cerium Ce 1803 1839 Ceres, an asteroid discovered in 1801
Praseodymium Pr 1885 1885 Greek prasios didymos (green twin)
Neodymium Nd 1885 1885 Greek neo didymos (new twin)
Promethium Pm 1947 1947 Greek god, Prometheus

Samarium Sm 1879 1901 the name of mineral, samarskite
Europium Eu 1901 1901 Europe

Gadolinium Gd 1880 1880  Finnish chemist Johan Gadolin
Terbium Tb 1843 1880 Ytterby village in Sweden
Dysprosium Dy 1886 1886 Greek dysprositos (difficult to obtain)
Holmium Ho 1879 1886 Latin Holmia (Stockholm)

Erbium Er 1843 1879  Ytterby village in Sweden

Thulium Tm 1879 1879 the old name for Scandinavia
Ytterbium Yb 1878 1907  Ytterby village in Sweden
Lutethium Lu 1907 1907 Latin Lutecia (Patis)

Didymium Di 1842 Greek didymos (twin)
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Table 1-2. Electroic configurations of REEs.

Atomic state (Ln") Tonic state (Ln’")
Sc  1s™2s%2p°3d'4s? 3s%3p°
Y 1s%25%2p%3s3p°3d'%4s%4p®4d' 557 4s%4p°
La 152s2p®3s*3p®3d'%4s4p°4d'*5s75p°5d" 65 55%5p°

Ce
Pr
Nd
Pm
Sm
Eu
Gd
Tb
Dy

Er
Tm
Yb
Lu

15725*2p°3s?3p®3d"*4s%4p®4d 41755 5p 65> 4f'55%5p°
15725*2p°3s?3p®3d"*4s%4p®4d' 41’ 55 5p 65> 4f°55%5p°
15725%2p°3s?3p®3d"4s%4p®4d' 41" 55 5p 65> 4£°55%5p°
15725*2p°3s?3p®3d"*4s%4p®4d' 4155 5p 65> 4f*55%5p°
15725*2p°3s?3p®3d" 45?4 p®4d'°41°55%5p 65> 4£°55%5p°
15725*2p°3s?3p®3d"4s%4p®4d' 41" 55 5p 65> 4555%5p°
15725*2p®3s?3p"3d"%4s%4p®4d 41" 55*5p°5d 65> 4f'5575p°
15725*2p°3s?3p®3d"*4s%4p®4d' 41" 55 5p 65> 4£%55%5p°
15725*2p3s73p"3d"%4s%4p®4d 41555 p 65’ 4f°55%5p°
15725*2p®3s73p"3d"4s%4p®4d 41! 55*5p 65’ 4£1955%5p°
15225%2p3s73p"3d"4s%4p®4d 41" ?55*5p 65’ 4f"155%5p°
15725*2p®3s73p®3d"'%4s%4p®4d 41" 55*5p 65’ 4f1255%5p°
15725*2p3s73p"3d"%4s%4p®4d 4155 5p 65’ 4f355%5p°
15725%2p3s73p®3d"%4s%4p®4d 41 *555p°5d 65 4f'*5575p°
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Fig. 1-1. Schematic map around (A) Stockholm, (B) Resar¢ island where Ytterby mine

locates, and (C) Ytterby mine. Black lines in (B) and (C) denotes the road. The black
circle in (C) indicates the entrance to the mine.
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Fig. 1-2. The number of discovered elements in each year (after Krebs, 20006).
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Fig. 1-6. (A) REE concentration of basalt (mid-ocean ridge basalt; Klein, 2003), shale
(post Archean average shale composite; McLennan, 1989), seawater (North Pacific
deep water; Alibo and Nozaki, 1999), and chondrite (CI-chondrite; Anders and
Grevesse, 1989). Note that the seawater values are 10° times higher than the original
concentration. (B) REE abundance of basalt, shale, and seawater normalized by

chondrite. Oddo-Harkins effect is cancelled out and smooth curves are observed.
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Fig. 1-7. Deviations (%) REE data of JB-3 obtained using an ICP-MS from those by
thermal ionization mass spectrometry (TIMS)-ID (Hirata et al., 1988). Square: ICP-MS
analysis on the primary sample solution (PRM solution) which had experienced only
acid digestion; diamond: analysis using an internal standard (Sn) on the PRM solution;
circle: analysis after the removal of major elements using cation exchange resin. Note
that REE abundances of Pr, Tb, Ho, and Tm using TIMS-ID were calculated by

interpolation of the REE pattern.
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Chapter 2

The cause of Eu anomaly during the water-rock interaction

2.1 Chapter introduction

As described in Chapter 1, anomalously high abundance of europium (Eu)
relative to its neighboring elements (Sm and Gd), called as positive Eu anomaly, is
often observed for water which experienced high temperature water-rock interaction. A
prime example of it is seafloor hydrothermal fluids (e.g., Klinkhammer et al., 1983;
Michard et al., 1983). The rare earth element (REE) distributions in hydrothermal fluids
are light-REE (LREE) enriched and exhibit strong positive Eu anomalies. Klinkhammer
et al. (1994) have shown that when fluid/MORB end-member patterns are plotted
against their ionic radii, the trends not only became linear but also showed the same
fractionation trend peculiar to plagioclase during magma segregation, indicating that
REE concentrations of hydrothermal vent fluids can be intrinsically linked to the
high-temperature alteration of this particular mineral. If the REE patterns of
hydrothermal fluids are dominated by the alteration of plagioclase, however, it is
questionable why the REE patterns of fluids from different vents of the same site
showed different patterns. To give an example, the hydrothermal fluids corrected from
several vents in Lucky Strike site showed variations in their REE patterns (Douville et
al., 1999), though these vents are located closely with each other and the compositions

of minerals can be almost same.

On the other hand, it is suggested that positive Eu anomaly shown in
hydrothermal fluids can be due to the formation of chloride complex (Bach et al., 2003;
Allen and Seyfried, 2005). The species distribution calculation suggests that chloride
complex dominates the Eu*" species to a large degree than the other REEs under high
temperature condition (Bach et al., 2003). A hydrothermal experiment under 400 °C at
500 bar using harzburgite which does not contain plagioclase supported the formation
of chloride complex at high temperature (Allen and Seyfried, 2005). The negative Eu

anomaly was observed within 816 hours, but after injection of NaCl and MgCl,

22



solutions, Eu anomaly turned to be positive side. Thus, they suggested that Eu*" formed
strong aqueous complexes with dissolved Cl, while other trivalent REEs were not
greatly affected by fluid speciation. The existence of Eu”" at high temperature condition
is supported by thermodynamic calculations (Sverjensky, 1984; Bau, 1991). As such,
the hydrothermal experimental study raises a question about the cause of positive Eu

anomaly.

Although it is well known that hydrothermal fluids show positive Eu anomaly,
the relationship between the degree of Eu anomaly and the temperature of water-rock
interaction is poorly understood. Minami et al. (1995) showed that slightly positive Eu
anomaly (Eu/Eu* = 1.1) is observed when basalt collected from Fuji (can be considered
as JB-3, one of the geochemical reference sample of basalt) interacted with water at
70 °C. In contrast, Shibata et al. (2006) showed that negative Eu anomaly is observed
when basalt (JB-2, another geochemical reference sample of basalt) was interacted with
water at 46 °C. Here, Eu/Eu* is the index of degree of Eu anomaly, defined by the Eq.
1-7. Though Minami et al. (1995) and Shibata et al. (2006) used different kind of basalt
in a narrow sense, it is expected from their results that the degree of Eu anomaly may be

used as a thermometer.

This Chapter, therefore, aims to reveal the cause of positive Eu anomaly, namely
whether it is governed by mineralogy or solution chemistry, and to evaluate the degree
of the Eu anomaly as a potential water-rock interaction thermometer. Water-rock
interaction experiments were performed under 40, 60, and 80 °C using synthesized

basaltic glass or plagioclase-bearing basalt with or without 0.70 M NaCl solution.

2.2 Experimental
2.2.1 Blank hydrothermal experiment

The steel-alloy autoclave was used for the hydrothermal experiment in this study
(Fig. 2—1). The autoclave is made of Inconel-alloy, which is corrosion-resistant and
possesses adequate strength at elevated temperatures and pressures (up to 600 °C and 60

MPa). The reaction cell is made of a gold tube with a titanium head because these
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materials are inert to high-temperature water. In addition, gold is flexible, allowing that
fluid sample inside the reaction cell is pressurized by water around it. The surface of the
Ti head was oxidized prior to use. The flexible gold reaction cell allows on-line
sampling of the aqueous fluid at almost constant temperature and pressure simply by
adding a small amount of water under high pressure to the autoclave surrounding the
cell. Thus, internally filtered fluid samples can be obtained from the reaction cell
through a gold-lined sampling tube at any time during an ongoing experiment. All
materials that had contact with the reaction fluid in the experiment were baked in a

muffle furnace at 500 °C for 3 hours before the use to eliminate organic matter.

The standard REE solution (XSTC-1; Spex Certiprep., USA) diluted by ultra
pure water into about 50 ng/L, which is highest among reported concentrations of water
at seafloor hydrothermal vent for light-REE, was put into the gold tube. The
temperature and pressure was adjusted and kept at 350 °C and 50 MPa, respectively.
The hydrothermal experiment was continued for 168 hours with the collection of
sample through the sampling tube after 72 and 120 hours. After cooling, the autoclave
used in this experiment was disassembled and residual sample fluid was collected. The
pH values of collected small amount of fluid (less than 5 drops) were determined using
a pH meter (HORIBA) with uncertainty +0.1 pH unit. The concentration of REE was
determined using ICP-MS (Agilent 7500).

2.2.2 Basalt synthesis

In this study, basalts which have similar major element composition with higher
REE concentration was synthesized by melting several reagents. The used reagents are
listed in Table 2—1. Chloride reagents such as NaCl and KCIl were not used, because
chloride cannot be excluded from the basalt. Therefore, oxides and carbonates were
used in the synthesis. Not only the major element, but also the REE oxide reagents were
used. Approximately 30 g of well homogenized reagents was placed in a platinum
crucible and heated at 1000 °C for 1 hour using a Siliconit furnace. Subsequently, the

sample’s temperature was raised to 1350 °C in 2 hours and kept at the temperature for 1
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hour. The sample was finally quenched to room temperature, and the synthesized
basaltic glass (hereafter named as Gl-bas) was obtained (Fig. 2—2A). Basalt containing
plagioclase (hereafter Pl-bas) was obtained by re-heated the Gl-bas at 1190 °C for 67
hours (Pupier et al., 2008), and then quenched (Fig. 2—2B). During the use of the
furnace, oxygen fugacity was adjusted at QFM (quartz-fayalite-magnetite) buffer by
mixing the H, and CO, gas pressure. Both Gl-bas and Pl-bas were powered using an

agate mortar and sieved to obtain the <45 um fraction.

2.2.3 Low-temperature water-rock interaction experiment

Four grams of Gl-bas or Pl-bas fractions were placed in Teflon bottles with 8
mL of ultra-pure water or 0.7 M NaCl solution and heated at 40, 60, and 80 °C for 3 and
6 months using an incubator. After the reaction, basalts were separated from solutions
and air-dried to determine the X-ray diffraction (XRD) pattern and observe particles
using a field emission scanning electron microscope (FE-SEM; Hitachi High-Tech
S-5200) equipped with an energy dispersive X-ray spectrometry (EDX; EDAX Genesis
XM2). In addition, Fe K-edge (7111 eV) X-ray absorption near edge structure
(XANES) spectra were measured at BL-12C of KEK-PF (Tsukuba, Japan). Prior to the
measurements, the X-ray energy was calibrated with the pre-edge peak maximum of
hematite at 7114 eV. The XANES spectra of the reference materials, wiistite, fayalite,
augite, and magnetite, and two samples were measured in transmission mode. The
XANES spectra were analyzed using REX2000 software (Rigaku Co. Ltd.). The
contributions of the various Fe species in each sample were estimated by linear
combination fitting (LCF) of each XANES spectrum with the spectra of the reference
materials. The LCF was conducted using no more than three minerals in the energy
range of 7100-7180 eV. The quality of the fit was given by the residual value, the
goodness-of-fit parameter R, defined by

oo 2L, (B —x, B
S[x,, ()]

(2-1)

where Yobs(E) and xca(E) are the experimental and calculated absorption coefficients at
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a given energy (E), respectively. A smaller R value means a better fit in the LCF

procedure.

Meanwhile, Na concentrations in the liquid phase originally ultra-pure water
were measured using an ion chromatography (Thermo Dionex ICS-1100) immediately
after the separation. The rest of the liquid phase for ultra-pure water and NaCl solution
was acidified to 0.5 M HCl and the REEs were separated from major cations via column
chemistry. The 15 g of 2.0 M HCI solution was passed through a column (5 cm long;
1.0 cm diameter) loaded with an AG 50W-8X cation exchange resin (Bio-Rad). Almost
100% (more than 99%) of the REEs were recovered by elution using a 6.0 M HCI
solution (Fig. 2—3). The major cation concentrations (K, Mg, and Ca) were determined
using an ICP atomic emission spectrometer (AES; SII NanoTachnology, Inc.), whereas

the REE concentrations were determined using an ICP-MS (Agilent 7700).

2.3 Results and Discussion
2.3.1 Blank hydrothermal experiment

The REE concentrations and pH values of fluid sample collected during and
after the hydrothermal experiment are listed in Table 2—2 along with the calculated
initial concentrations and measured initial pH value. As shown in the table, the pH
values are almost constant during the experiment. However, the concentrations of REE
in fluid are drastically decreased within 72 hours, making the concentrations of 6
elements below the detection limit of ICP-MS (1 ng/kg). The concentrations of REE are
further decreased in the next 48 hours, where only 5 elements can be determined among
15 REEs. On the other hand, except for Sm, REE concentrations of fluid sample
collected after cooling increased from those collected during the experiment (120

hours).

The depletion of REE concentration with increasing experimental time can be
due to the adsorption onto Ti head. The increase of REE concentrations after cooling
may be re-dissolution of elements which was adsorbed onto Ti head during the

experiment. Whatever the case, it is proved that REE was lost from fluid during the
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hydrothermal experiment, meaning that this kind of experimental apparatus using Au/Ti
reaction cell cannot be used to discuss the behavior of REE during water-rock
interaction. Therefore, the REE data of hydrothermal study by Allen and Seyfried
(2005) can be skeptical because they use similar experimental system, namely Au/Ti
reaction cell. This fact is very important, since Allen and Seyfried (2005) suggested that
positive Eu anomaly shown in hydrothermal fluids could be due to the formation of Cl

complex, which is clearly different from the observation by Klinkhammer et al. (1994).

2.3.2 Low-temperature water-rock experiment (solid phase)

The XRD patterns of Gl-bas did not show any sharp peaks corresponding to
minerals, whereas a broad peak around 26.5° (20) was observed for starting material,
Gl-bas reacted with ultra-pure water for half a year at 80 °C, and Gl-bas with 0.7 M
NaCl solution at the same period and temperature (Fig. 2—4A). It is not surprising that
the starting material did not show any peaks, since amorphous materials generally do
not present sharp peaks in the XRD pattern. Meanwhile, it is surprising that no peaks
were observed for Gl-bas experienced water-rock interaction at 80 °C for 6 months,
since the formation of secondary minerals, mainly clay minerals, was expected to be
observed. The lack of the presence of any sharp peaks suggests that secondary minerals

were not formed in this experimental condition using Gl-bas.

Several peaks were identified for XRD patterns of Pl-bas before and after the
experiment with the largest intensity at around 27.8°, which corresponds to the anorthite
or albite (Fig. 2—4B). The second largest peak at around 29.8° corresponds to the
strongest peak of augite, though we followed the method only to crystallize out
plagioclase (Pupier et al., 2008). Other peaks than plagioclase and augite, such as clay
minerals, were not obtained for Pl-bas after the water-rock interaction experiment. The
crystallization of augite makes it difficult to assess the Eu anomaly caused by the
preferential dissolution of anorthite, because augite also contains Ca”>". However, the
relative intensity of these two minerals enables us to discuss the possible contribution to

the Eu anomaly. The peak corresponding to the plagioclase was approximately 1.5
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times larger than that of augite for starting material, which decreased to 1.2—1.3 times
(Fig. 2—5). The decrease of the peak intensity of plagioclase after the experiment
suggests the preferential dissolution of plagioclase. In addition, Pl-bas reacted with
water at 40 °C showed the lowest relative peak intensity. This fact may indicate that the

dissolution of plagioclase occurs more preferentially at lower temperature condition.

The presence of augite in Pl-bas was also confirmed using the Fe K-edge
XANES spectra (Fig. 2—6). The smallest R value, 0.013, was achieved when assuming a
mixture of augite and wiistite with 68% and 32%, respectively. The second smallest R
value was achieved by combination of 59% of fayalite and 41% of magnetite (R =
0.026). It is interesting that the XANES spectrum of Pl-bas was largely different from
that of Gl-bas showing broader absorption spectrum, though major element
compositions of these two samples were the same. This fact means that the chemical
form of Fe in these two materials is completely different. In addition to the XANES
spectra, pre-edge peak of these two materials also showed a different shape (Fig. 2—7).
However, valence state analysis on Fe based on the pre-edge peak analysis (Wilke et al.,
2001; Giuli et al., 2002; and the detail is described in the Chapter X) showed averaged
valence state of Fe within the analytical uncertainty, which were 2.24 + 0.09 and 2.38 +
0.09 for Pl-bas and Gl-bas, respectively. Since the oxygen fugacity was adjusted to the

QFM buffer during the basalt synthesis, this result is consistent.

The particle observation using a FE-SEM showed a flat surface for the starting
material of Gl-bas (Fig. 2—8A), while the surface locked lumpy for the Pl-bas (Fig.
2—8B). The line analysis using SEM-EDX showed uniformity for Gl-bas (Fig. 2—8C),
whereas the major element abundance varied to a large degree even within a particle of
Pl-bas (Fig. 2—8D), probably due to the elemental partition during the crystallization.
Although two materials showed different surface area for starting materials, the surface

of both particles after the experiment seems to be similar with a vermiculate-like surface

(Fig. 2-8E, F).
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2.3.3 Low-temperature water-rock experiment (liquid phase)

The highest concentration in the liquid phase among major elements was Na and
the second highest was Ca (Table 2—3). Although Mg abundance in the solid phase was
the second highest among Na, K, Mg, and Ca (Table 2—1), Mg released to the liquid
phase was the lowest. As expected, the higher the reaction temperature, the larger the
dissolution rate for all the major cations. The concentration in the liquid phase along
with the period showed that the reaction had still proceeded in this experimental period
(Fig. 2—9). The general trend observed for the cations is that liquid phase reacted with
Pl-bas contained higher concentration of major cations, and 0.7 M NaCl solution

showed higher dissolution rate than ultra-pure water (Table 2—3, Fig. 2-9).

The REE fractions after the experiment were listed in the Table 2—4. Although it
is not clear for Gl-bas systems, Pl-bas contacted with fluids under higher temperature
released larger abundances of REEs (Fig. 2—10). The depletion at Pr and Tb observed in
the liquid phases can be due to the enrichment in the starting materials, while the
enrichment of Ce in the liquid phases was observed owing to the depleted Ce abundance
in the starting materials. In contrast to the major cations, REE released from basalts was
smaller using the 0.7 M NacCl solution for the liquid phase of Gl-bas and Pl-bas systems.
REE fraction of fluids using 0.7 M NaCl solution can be more affected by the
heterogeneous compositions of starting materials for both systems. In regard to the
heterogeneous composition, the large variation of the REE fraction observed for the
Pl-bas system can be due to the preferential dissolution of weaker part in the particles.
Most surprisingly, positive Eu anomaly was not observed in this experiment, though
basalt contacted with water at 70 °C showed positive Eu anomaly due to the presence of
the plagioclase (Minami et al., 1995). However, Eu/Eu* values clearly becomes larger
with increasing reaction temperature using ultra-pure water (Fig. 2—11). In Fig. 211,
Y/Ho ratio which shows variation during the water-rock interaction (Takahashi et al.,
2002a) is also plotted. The Y/Ho ratios of 0.7 M NaCl solution contacted with basalts
were totally larger than those of ultra-pure water system. Meanwhile, Eu/Eu* values of
0.7 M NaCl solution were clearly smaller than those of ultra-pure water. This fact raises

a question about the cause of positive Eu anomaly governed by the formation of Cl

29



complex (Bach et al., 2003; Allen and Seyfried, 2005).

2.4 Conclusions and Implications

In this Chapter, the cause of positive Eu anomaly during the water-rock
interaction was investigated. Although the high temperature experiment could not be
performed properly due to the problem in the experimental apparatus, the behavior of
REEs was determined in detail during the low temperature water-rock interaction.
Larger abundance of REEs was released from Pl-bas to low salinity water compared to
the 0.7 M NaCl solution. The REE fraction became larger with increasing water-rock
interaction temperature. The Pl-bas released larger abundances of REEs than Gl-bas
irrespective of any solution conditions, which can be due to the heterogeneous
compositions of elements in the Pl-bas particles. Since Eu/Eu* values were smaller
when basalts contacted with 0.7 M NaCl solution, it is suggested that the possible
positive Eu anomaly caused by the formation of stable Cl complex was less effective in
this experiment. The Eu/Eu* values became larger with increasing reaction temperature
when ultra-pure water was used, which can be applied to the water-rock reaction

thermometer under low salinity condition.

In the case that the concentration of REE in hydrothermal vent fluid is controlled
by the alteration of minerals especially plagioclase, it is expected that the combination
of isotope ratio and chemical state shows a difference. The end-member of plagioclase
is anorthite and albite containing Ca*” and Na', respectively. Since ionic radius of Eu*"
is similar to that of Ca’’, these two elements can be substituted with each other,
meaning that (divalent) Eu is richer in plagioclase than other REE. In this case, stable
isotope ratio of Eu would be different whether Eu is incorporated into a mineral as
divalent or trivalent. That is, during the hydrothermal water-rock interaction, the
residual rock should be rich in trivalent Eu and stable isotope ratio of Eu in reacted fluid
should reflect that of plagioclase. On the other hand, if the Eu anomaly is controlled by
composition of the solution, stable isotope ratio of Eu would not be affected only by

that of rock-forming minerals.
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Table 2—1. Reagents used to synthesize basalts.

Reagents ~ Amount (g)

Si0; 50.16
TiO, 1.47
Al O3 15.79
FeO 9.51
MnO, 0.20
MgO 7.58
CaCOs; 21.76
Na,COs 4.72
K»>COs 0.20
P,0s 0.13
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Table 2—2. The REE concentrations (ng/L) and pH values of fluid sample collected

before, during (72 and 120 hours) and after the experiment.

Before 72 hours 120 hours After cooling
Y 46.6 0.267 0.222 3.96
La 46.6 0.363 <DL 16.8
Ce 46.5 0.289 <DL <DL
Pr 46.4 0.521 0.389 1.93
Nd 46.6 3.13 2.80 5.68
Sm 46.5 14.3 9.45 7.32
Eu 46.6 <DL <DL 0.170
Gd 46.4 <DL <DL 1.63
Tb 46.0 <DL <DL 0.728
Dy 47.1 <DL <DL 1.03
Ho 47.1 0.067 <DL 0.749
Er 46.3 0.116 0.085 0.947
Tm 46.6 <DL <DL 0.469
Yb 46.5 <DL <DL 0.565
Lu 45.7 0.059 <DL 0.963
pH 4.7 4.9 4.8 4.7

Note that DL denotes detection limit of the measurement using ICP-MS.
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Table 2—3. The major element concentrations of liquid phase after the experiment.

Ultra-pure water 0.7 M NaCl
Pl-bas Gl-bas Pl-bas Gl-bas
Period 40 60 80 40 60 80 40 60 80 40 60 80
Na 3 4.98 5.76 8.61 3.82 4.62 4.80

6 5.44 6.79 9.93 4.37 4.71 5.06
K 3 9.83 12.8 13.2 10.7 10.7 13.7 20.4 31.2 37.6 32.5 25.4 29.8
6 13.9 14.6 15.0 12.9 15.8 17.2 29.7 46.1 50.2 41.9 42.6 48.5
Mg 3 1.79 5.64 7.56 3.36 3.88 5.89 9.40 15.3 22.4 6.78 14.0 15.1
6 2.87 7.89 9.93 3.64 6.03 7.17 13.8 25.2 30.7 9.11 18.5 20.8
Ca 3 49.7 60.6 69.5 23.4 31.0 50.4 125 175 258 26.8 47.2 753

6 60.7 66.2 80.1 35.3 53.1 68.4 202 231 287 37.6 51.8 98.0

Note that the unit of Na is mM, while that of others are pM.
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Table 2—4. The major element concentrations of liquid phase after the experiment.

Ultra-pure water 0.7 M NaCl
Pl-bas Gl-bas Pl-bas Gl-bas
Basalt 40 60 80 40 60 80 40 60 80 40 60 80
Y 143 834 1393 5310 1183 696 762 114 376 571 200 566 140

La 38.8 261 390 1670 408 168 195 39.0 126 185 71.9 2.6 68.3
Ce 67.2 615 1024 4164 905 343 375 89.9 294 445 155 473 123
Pr 63.4 183 317 1252 180 212 242 12.9 37.1 56.5 25.6 61.1 26.4
Nd 112 432 736 2235 550 455 513 45.7 147 220 85.4 234 69.5
Sm 34.8 127 224 661 163 141 157 35.8 44.5 65.3 28.1 70.1 19.8
Eu 13.7 37.1 80.9 242 52.9 60.3 68.5 2.81 4.67 6.11 6.69 9.47 4.97
Gd 46.6 158 298 748 192 196 223 15.3 49.5 75.5 30.7 76.9 24.8
Tb 16.9 43.1 93.6 266 45.6 65.7 75.1 3.22 9.27 14.5 6.61 15.0 5.17
Dy 60.1 190 385 908 235 241 169 19.1 60.7 94.0 343 95.5 26.0
Ho 12.3 40.5 82.8 194 49.2 50.7 57.8 4.39 13.3 19.7 7.81 19.5 5.92
Er 332 189 237 575 144 139 156 12.5 40.8 61.2 22.2 59.5 16.6
Tm 4.26 17.2 33.7 85.6 20.9 18.8 20.7 2.11 6.12 9.28 3.69 9.29 242
Yb 323 121 231 609 149 134 151 14.0 42.6 65.5 23.0 62.6 16.1

Lu 4.67 18.4 34.7 88.3 21.9 19.8 22.6 2.04 6.28 9.47 3.66 9.42 2.64

Note that the Basalt is starting materials with mg/Kg, concentrations of liquid phases

after 6 months are given in ng/L.
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Fig. 2—1. Schematic illustration of the Inconel-alloy autoclave and flexible-cell

hydrothermal apparatus used in this laboratory experiment (after Yoshizaki et al., 2009).
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Fig. 2-2. Photographs of (A) Gl-bas and (B) Pl-bas after quench.
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Fig. 2-3. Elution curve for major elements (Na, K, Mg, and Ca) and REEs. Note that
REE (1) shows averaged value of La—Nd, REE (2) for Sm—Gd, REE (3) for Tb—Er,
REE (4) for Ho—Lu.
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Fig. 2—4. XRD patterns of (A) Gl-bas and (B) Pl-bas.
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Fig. 2—5. The relative intensity ratio of plagioclase and augite. Open circle denotes the
ratio for Pl-bas reacted with ultra-pure water, while the filled circle for 0.7 M NaCl

solution.

39



Wustite

Fayarite

Augite

Magnetite

Normalized absorption

7160 7200 7240
Energy [eV]

7080 7120

Fig. 2—-6. Iron K-edge XANES spectra of reference materials (wiistite, fayalite, augite,
and magnetite) and two samples. Gray circles denotes fitting curve assuming 68% of

augite and 32% of wiistite.

40



Normalized absorption

7104 7106 7108 7110 7112 7114

Energy [eV]

Fig. 2—7. Iron K-edge pre-edge spectra. Circle: measured absorbance; solid line:
background spectrum calculated using a spline function; square: normalized

absorbance; dashed line: Gaussian functions; cross: the sum of the Gaussian functions.
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Fig. 2—8. SEM images of starting materials (A) Gl-bas and (B) Pl-bas. Major element
abundance determined using SEM-EDX of (C) solid line shown in (A) from left to right
and (D) solid line shown in (B) from above to below. SEM images after the experiment

of (E) Gl-bas and (F) Pl-bas.
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Fig. 2—9. Major cations released from Pl-bas (solid line) and Gl-bas (dashed line). Black
color shows experiment using ultra-pure water, while gray color illustrates 0.7 M NaCl

solution. Trigonal symbol: 40 °C, quarry: 60 °C, and cirlcle: 80 °C.
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Fig. 2—10. REE fractions released from Gl-bas (A) and Pl-bas (B). Note that the legends
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Fig. 2—11. Ew/Eu* values and Y/Ho ratios of liquid phase contacted with Pl-bas (filled
symbols) and Gl-bas (open symbols). Black color shows experiment using ultra-pure
water, while gray color illustrates 0.7 M NaCl solution. Trigonal symbol: 40 °C, quarry:
60 °C, and cirlcle: 80 °C.
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Chapter 3

Isotopic and speciation study on Ce during its solid-water distribution

with implication for Ce stable isotope as a paleo-redox proxy

3.1 Chapter introduction

Cerium (Ce), one of the rare earth elements (REEs), has the unique characteristic
of being able to form tetravalent cations under oxic conditions, whereas the other REEs
are stable in a trivalent state. Although Ce(IV) carbonate species are soluble (Moller and
Bau, 1993), Ce is relatively insoluble in seawater compared with other REEs following
the oxidation from Ce(Ill) to Ce(IV), due to the low solubility of Ce(IV). Two
formation processes for the oxidation of Ce(IV) are possible. The first is oxidation after
adsorption onto a solid phase, namely, oxidative adsorption, which may occur on
manganese oxide (e.g., Taylor and McLennan, 1988; Takahashi et al., 2000a, 2007).
The other process is oxidation in the liquid phase followed by precipitation as Ce(OH)4
or CeO; (De Baar et al., 1988; German and Elderfield, 1989; Braun et al., 1990). Given
these chemical properties, an anomalously high or low concentration of Ce relative to
its neighboring elements, lanthanum (La) and praseodymium (Pr), known as a positive
or negative Ce anomaly, respectively, is often observed in REE abundance patterns
following the generation of Ce(IV) (Henderson, 1984). This redox-sensitive property
allows the estimation of the redox state of a paleo-ocean environment (e.g., Shimizu and
Masuda, 1977; Wang et al., 1986; Wright et al., 1987; Murray et al., 1991) and the
study of the redox evolution of the atmosphere (e.g., Fryer, 1977; Murakami et al.,
2001; Kato et al., 2006).

In seawater, REEs are adsorbed on various types of suspended matter and solid
phases. In particular, marine ferromanganese deposits show large positive Ce anomalies
in their REE patterns (e.g., Piper, 1974; Elderfield et al., 1981; Bau et al., 1996). Large
negative Ce anomalies in REE patterns are observed in seawater as a counterpart to
these positive anomalies (e.g., Elderfield and Greaves, 1982; Piepgras and Jacobsen,

1992; Moller et al., 1994). The positive Ce anomalies in marine ferromanganese oxides
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are possibly caused by the oxidative adsorption of Ce (Takahashi et al., 2000a, 2007).
Takahashi et al. (2007) showed that the chemical state of Ce in marine ferromanganese
deposits is tetravalent, regardless of the formation environment, namely, hydrogenetic,
diagenetic, and hydrothermal. In addition, adsorption experiments have suggested the
oxidation of Ce by 6-MnO, (Takahashi et al., 2000a; Ohta and Kawabe, 2001). The Eh—
pH diagram indicates that the Mn>"/MnO, boundary is located at a higher Eh level than
that of Ce’"/CeQ, (Brookins, 1988; Fig. 3—1A). These facts support the suggestion that
Mn oxides can act as an oxidant for Ce(III), indicating that the oxidative adsorption of
Ce on Mn oxides can generate a positive Ce anomaly. Meanwhile, the Fe*'/Fe(OH);
boundary is located at an Eh level lower than the Ce’/CeO, boundary (Brookins, 1988;
Fig. 3—1A), indicating that Fe(OH); may be less powerful in oxidizing Ce into CeO,, as
suggested by previous studies (De Carlo and McMurtry, 1992; Kawabe et al., 1999b;
Takahashi et al., 2007). However, Kato et al. (2006) summarized the REE pattern of
Precambrian banded iron formations (BIFs) and showed that both positive and negative
Ce anomalies were observed regardless of their formation age. Surprisingly, although
some Precambrian BIFs may have undergone recent weathering or post-depositional
alteration (e.g., Bau, 1993), some Archean BIFs show positive Ce anomalies. If Mn
oxides are necessary to generate positive Ce anomalies, it is questionable whether Mn
oxides existed in ancient periods when the atmospheric oxygen level was estimated to

be less than 10~ atm (e.g., Pavlov and Kasting, 2002; Catling and Claire, 2005).

Recently, Bau and Koschinsky (2009) suggested the oxidative scavenging of Ce
by Fe hydroxides, following leaching experiments with a hydrogenetic ferromanganese
crust. Furthermore, Bau (1999) performed scavenging experiments and demonstrated
oxidative scavenging of Ce by Fe hydroxide, especially at lower pH (pH < 4.6). Their
result suggested that discussions relying only on the Eh—pH diagram would be risky if
applied to the natural environment. All these findings imply that the geochemical
processes responsible for the occurrence of Ce anomalies are not fully understood, and
that any discussion based only upon the intensity of the Ce anomaly will have
limitations. Therefore, alternative and quantitative evidence is needed to fully determine

the cause of Ce anomalies.
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In this study, the Ce stable isotope ratio is examined as an alternative
geochemical tool that may have better resolution in discerning redox conditions. This
study aims to provide information on the relationship between redox conditions and the
mass-dependent isotope fractionation of the Ce stable isotope ratio. More information
on redox conditions in the paleo environment may be obtained if fractionations of the
Ce stable isotope respond differently to different geochemical processes as follows: (i)
adsorption of Ce’" without oxidation; (ii) precipitation as CeO, or Ce(OH)4; and (iii)
oxidative scavenging on Mn oxide (corresponding to fields (i), (ii), and (iii),
respectively, in Fig. 3—1A). To date, several geochemical (isotopic) tracers have been
introduced to clarify paleo-redox conditions, such as APS, 8°°Fe, 8°°Cr, and Mo
isotopes (e.g., Farquhar et al., 2000; Johnson et al., 2008; Frei et al., 2009; Anbar et al.,
2007). However, most of these indicators are sensitive only under low atmospheric
oxygen conditions, indicating that geochemical tracers that are useful after the great
oxidation event (c.a. 2.2 Ga) are lacking. Therefore, the stable isotopic fractionation of
Ce may be used as an alternative tool sensitive to suboxic conditions. Speciation
analysis of Ce in the solid phase has also been examined by X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine structure (EXAFS) analyses to
support the determination of redox conditions, thereby providing data on the oxidation
state of Ce in the solid phase and quantitative information about the distance to
neighboring atoms and the coordination number (CN), respectively. This study includes
three parameters for Ce that are important in inorganic geochemistry: abundance
(degree of the Ce anomaly); the Ce stable isotope ratio; and the chemical speciation of
Ce. This study was confined to a lower pH region (pH = 5) where the aqua complex is
stable, to focus on the Ce isotopic fractionation from an aqua complex of Ce’" as the

first step (Fig. 3—1B).

3.2 Experimental

3.2.1 REE adsorption experiment
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Synthetic ferrihydrite was prepared by dissolving 40 g Fe(NO;); in 500 mL
ultrapure water. KOH solution was then added to the Fe(NOs); solution and pH was
adjusted to between 7 and 8 (Schwertmann and Cornell, 2000). 6-MnO, was prepared
by mixing equal volumes of a 30 mM MnCl, solution with a 20 mM KMnOQy, solution at
pH 10 (Foster et al., 2003). Both precipitates were washed several times in ultrapure
water, and then freeze-dried. The precipitates were freeze-dried to allow use of the same
materials for various experiments in this study (adsorption experiments, isotopic study,
and XAFS measurements), and to avoid the change of their crystal structure before
and/or during the measurement of EXAFS spectra. Identification of both minerals was
conducted with an X-ray diffractometer (Multi Flex, Rigaku Co. Ltd.) and Fe and Mn
K-edge EXAFS at BL-12C at the Photon Factory (Tsukuba, Japan).

A standard REE solution (Spex Certiprep., USA) containing all REEs, except
promethium (Pm), at a concentration of 10.0 mg/L each was placed in plastic bottles
with 100 mg ferrihydrite or 30 mg 8-MnQO; for the solid phase. In the REE/ferrihydrite
system, 1 mL REE solution and 10 mL ultrapure water served as a liquid phase,
whereas 6 mL REE solution with 1 mL ultrapure water was mixed in the REE/3-MnO,
system. Diluted NaOH and HCI solutions were used to adjust the pH to 5.00 = 0.05,
where REE is dissolved as hydrated free ion in water without the formation of a REE
carbonate and/or a hydroxide complex. lonic strength was not considered in this study
because our primary aim was to understand Ce isotopic fractionation under the simplest
conditions. Notably, in our experiment, the Ce’" aqua complex dominated the Ce
species in the liquid phase (Fig. 3—1B). The suspension was stirred for 6 h at 25 °C
using a shaking apparatus, based on findings that the apparent distribution coefficients
of La, Ce, gadolinium (Gd), and lutetium (Lu) are almost constant from 3 h to 130 h
(Ohta and Kawabe, 2001). This finding indicated that 6 h is a sufficient time to reach
equilibrium. At the end of the experimental period, the liquid phase was separated from

the solid phase by filtration using a hydrophilic PTFE filter (0.2 wum; ADVANTEC).

The filtrate was acidified with HNOj to obtain a final concentration of 2 wt% for
the determination of the REE concentration using an inductively coupled plasma mass

spectrometer (ICP-MS; Agilent 7700). Indium (In) and bismuth (Bi) were also added at
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a concentration of 1 ug/L as internal standards. The precision of the ICP-MS
measurement was better than 1% for all the REEs, except for erbium (Er) (1.7%), as
calculated from repeated measurements. The distribution coefficient (K4) of a REE

between the liquid and solid phases is defined as

Kd (L/g) _ [REE]init _[REE]ﬁl

C’)([l(EE]ﬁ1 (3_1)

where [REE]s is the REE concentration in the filtrate and [REE]i, is the initial
concentration of dissolved REE. ¢ (g/L) denotes the ratio of the solid phase (ferrihydrite
or 8-MnO,, dry weight) to water, which was 0.0097 and 0.0040 g/L for adsorption on
ferrihydrite and 8-MnO,, respectively. The adoption of different solid—water ratios
between ferrihydrite and §-MnQO, systems was necessary to obtain appropriate K4 values
for the determination of isotopic fractionation factors. 6-MnQO, exhibited much higher
affinity for REE than ferrihydrite, so that, the REE concentrations remaining in the

solution were lower than the detection limit of our measurement in the 3-MnQO; system.

3.2.2 Adsorption and precipitation of Ce

A Ce(IINCl5 reagent (Wako, Japan) dissolved in ultrapure water was used to
adsorb Ce on both ferrihydrite and 8-MnQO,. Various amounts of CeCls solution were
placed in plastic bottles with 100 mg ferrihydrite or 30 mg 6-MnO; for the solid phase.
In this experiment, the amounts of the solid phase were fixed, whereas the Ce
concentration was systematically changed to prepare samples with different adsorbed or
precipitated fractions (the ratio of the adsorbed or precipitated Ce to the total Ce added
into the system). The adsorbed fraction was 1 if all the Ce added into the system were
adsorbed on the solid phase. For the REE adsorption experiment, the pH was adjusted to
5.00 £ 0.05 and the suspension was stirred for 6 h at 25 °C. At the end of the
experimental period, the liquid phase was separated from the solid phase, as described

in Section 3.2.1.
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The liquid samples were acidified with 2 wt% HNOs to prevent Ce precipitation.
Ferrihydrite was dissolved with 6 M HCI, and 6-MnO, was dissolved with 6 M HCI and
H,0,. Both minerals were then finally dissolved in 0.5 M HCI solution, followed by the
separation of Ce from Fe or Mn by cation exchange column chemistry. For the elution
of Fe, 2.0 M HCI solution was passed through a column (length: 10 cm, diameter: 1.0
cm) loaded with cation exchange resin (Bio-Rad, AG50W-X8), whereas 2.0 M HNO;
solution was used to elute Mn. Almost 100% (better than 99%) Ce was recovered by the
elution using 6.0 M HCI solution, indicating that no isotopic fractionation occurred
during the column chemistry. The Ce concentrations in both solid and liquid samples
were determined using an ICP-MS (Agilent 7700). Procedural blanks in the experiments
for Ce were checked using ultrapure water, which was below the detection limit (0.5
ng/kg).

Adsorption experiments under various elapsed times were also performed to
examine whether isotopic equilibrium was attained. In this experiment, the adsorbed
fraction was adjusted between 0.25 and 0.35 for the ferrihydrite system, and adjusted to
0.90 to 0.99 for the 6-MnO; system. In both systems, ionic strength was adjusted to 0.10
and 0.70 M by NaCl solution and pH was adjusted to 5.00 + 0.05. The suspension was
stirred for 24, 120, 168, and 240 h. The procedure after the experiment was similar to
those previously described. In this experiment, Ce in the liquid phase was separated
from Na using the cation exchange column before the measurement. After the elution of

Na using 1.5 M HCI, more than 99% Ce was recovered by 6.0 M HCL

Spontaneous precipitation of Ce(IV) from the CeCl; solution was induced at pH
5.00 £ 0.05 in an O, gas bubbling environment. The solutions were left for 1 week to
obtain Ce(IV) precipitates. The precipitate obtained was recovered using a 0.2 um
hydrophilic PTFE filter (ADVANTEC). Various Ce concentrations in the initial
solution (from 0.5% to 2%) were tested to prepare the Ce precipitates. The oxidation

state of Ce in the precipitates was determined by Ce Lyj-edge XANES (Section 3.2.4).

3.2.3 Isotopic analysis

51



Isotope ratios of Ce were determined at the Kochi Institute for Core Sample
Research, Japan Agency for Marine-Earth Science and Technology (JAMSTEC) using a
double-focusing multiple collector (MC) ICP-MS (Neptune, Thermo Fisher). The
details of this instrument were previously described (Weyer and Schwieters, 2003;

Wieser and Schwieters, 2005).

Ce has four stable isotope masses, namely, 136, 138, 140, and 142, with isotopic
abundances of 0.19%, 0.25%, 88.45%, and 11.11%, respectively. Among these isotope
masses, ' "’Ce and '**Ce abundances were determined using an MC-ICP-MS. *°Ce and
38Ce were not measured because their relative isotopic abundances are two orders of
magnitude lower than those of '**Ce and '*Ce. The analyzed Ce solutions were diluted
to concentrations of about 200 ug/L. During the measurements, the neodymium (Nd) on
£ 142

mass 146 was also monitored to estimate the influence o

with '*Ce. The signal of '*Nd was negligible (<0.01% of the '**Ce signal) for all

Nd, which can interfere

samples and standard solutions, indicating that the isobaric interference by '**Nd was
negligible in this study. Furthermore, the ion signal of Ce as '*°Ce'°O was checked
before the isotopic analysis. The CeO/Ce ratio was adjusted in the range of 5% to 8%

(average: 6%) by decreasing the carrier gas flow rate.

The measured isotope ratio of '**Ce/'*’Ce was corrected using the samarium
(Sm) doping technique in wet plasma mode. Among the Sm stable isotopes (144, 147,
148, 149, 150, 152, and 154), the relative abundances of 7Sm and '"¥Sm are similar at
14.99% and 13.82%, and do not interfere with Ce isotopes. Therefore, these two Sm
isotopes were measured by adding a Sm standard solution (Wako, Japan) diluted to
about 200 ug/L to the Ce solutions just before the Ce isotope analysis. No Sm signals

were observed for all the samples before the doping with the Sm solution.

In the Sm doping technique, the observed '**Ce/'*Ce isotope ratios were
corrected based on an exponential law using the '*’Sm/'*Sm ratio of a reference Sm
solution. The relationship between the observed and normalized isotope ratios of Ce and

Sm is described by the following equations:

(142Ce/14oce)rlorm _ (142Ce/140Ce)0bs y (142A/140A)fCe (3-2)
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(147sm/1498m)norm _ (147Sm/1498m)0bs y (147A/l49A)me (3-3)

fce= fsm (3—4)
where f and A are the mass discrimination correction factor and the atomic masses of

the Ce and Sm isotopes, respectively.

The isotopes measured using MC-ICP-MS were 0ce, 2Ce, "Nd, 'YSm, and
Sm. The CeCl; solution used in the adsorption experiment was employed as a
standard solution that was analyzed every three or four samples. The isotope ratios are
expressed in standard delta notation relative to the average standards, as shown in the

following equation:

142 Ce/l40ce
( )S*““"‘° ~1|x10°. (3-5)

86 =
(142 Ce/140ce)CeC13

The analytical uncertainty for the measurement was 0.064%o (20), which was calculated

from repeated analysis of the standard CeCls solution (n = 26).

3.2.4 XAFS analysis

The Ce adsorption experiment was conducted again for both 8-MnO, and
ferrihydrite under the same conditions, and the solid phases were filtrated using a 0.2
um mixed cellulose filter (ADVANTEC). Immediately after filtration, the solid samples
were packed into individual polyethylene bags, and then frozen. The Ce Liy-edge (5.723
keV) XANES was measured at BL-12C at the Photon Factory (Tsukuba, Japan). The Ce
Li-edge XANES spectra, which are sensitive to the covalent/ionic bond character and
the oxidation state, were measured for the adsorbed samples in fluorescence mode using
a 19-element germanium (Ge) semiconductor detector. The spontaneous precipitation of
Ce and the three reference materials diluted by boron nitride powder, namely, CeCls,
CeO,, and Ce(SO,4); were measured in transmission mode. The measurements were
conducted under ambient pressure and temperature. The X-ray energy was calibrated
with the first peak of CeO, at 5.723 keV. The Ce K-edge (40.453 keV) EXAFS spectra

of the adsorbed samples and the standard materials, namely, CeCl; and CeO,, were
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measured at BL-01B1 at SPring-8 (Hyogo, Japan). The K-edge EXAFS spectra, which
provide quantitative information about the distance to the neighboring atoms and the
CN, were also measured in fluorescence mode using a 19-element Ge semiconductor
detector. The energy was calibrated with the first peak of CeO, at 40.453 keV. The
repeated scans of XANES and EXAFS yielded identical spectra to one another,

indicating that X-ray-induced redox change of Ce did not occur in our experiments.

Both XANES and EXAFS spectra were analyzed using the REX2000 software
(Rigaku Co. Ltd.). The parameters generated by the FEFF 7.0 code (Zabinsky et al.,
1995) were used for the EXAFS analysis. After extracting the EXAFS oscillation and
its Fourier transform, the inversely Fourier-filtered data were analyzed using a standard
curve-fitting method. The theoretical phase shifts and amplitude functions for the Ce—O,
Ce—Ce, Ce—Fe, and Ce—Mn pairs employed in this fitting procedure were extracted from
FEFF 7.0 (Zabinsky et al., 1995). Finally, the EXAFS spectrum in the whole k- and R-
space ranges employed in the procedure was compared with the measured EXAFS
spectrum in k- and R- spaces to confirm the good fitting of the measured to the
simulated spectrum. Multiple scattering was initially included in this study, but was
found to be a very weak contribution to the EXAFS spectra. The error estimates of the
interatomic distance and CN obtained by the fitting were +0.02 A and +20%,
respectively (O’Day et al., 1994). The quality of the fit was given by the goodness-of-fit
parameter R, defined by

oo 2L, (B —x, B

3-6
Y[x,, (E) G0

where Yobs(E) and xca(E) are the experimental and calculated absorption coefficients at

a given energy (FE), respectively.

3.3 Results

3.3.1 REE distribution patterns
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The REE distribution patterns for the adsorption of REEs on ferrihydrite and
d-MnO; are shown in Fig. 3-2A. Both distribution patterns exhibited a convex M-type
tetrad effect and smaller log K4(Y) than the log K4(Ho) values. These findings are
consistent with a previous report by Ohta and Kawabe (2001). In addition, both patterns
showed “apparent” positive Ce anomalies (Ce/Ce* > 1). In this study, Ce/Ce* is defined

as

C
Ce/Ce* = ©

vLaxPr (3-7)

where the chemical symbol represents the log K4 value of the element. However,
according to the “true” Ce anomaly defined by Bau and Dulski (1996), the distribution
pattern of REEs adsorbed on 6-MnO; shows a positive Ce anomaly, whereas that of
REEs on ferrihydrite shows a negative La anomaly (Fig. 3-2B). This result indicates
that “apparent” positive Ce anomaly was caused by the presence of the M-type tetrad
effect, and that Ce is not oxidized by Fe minerals, but is scavenged by Mn oxide
through oxidation to Ce(IV) from the liquid phase. The formation of Ce(IV) was further
supported by the XANES analysis, as will be discussed later.

3.3.2 Isotopic fractionation of Ce between the solid and liquid phases

First, the time dependence of the Ce isotopic data in the liquid phase was
examined for the Ce/ferrihydrite and Ce/0-MnO, systems (Fig. 3-3). Although the
8'**Ce values for the ferrihydrite system presented only a small fractionation, the values
for the 6-MnO, system were fractionated to positive values, indicating that the lighter
1%0Ce isotope was partitioned into the solid phase to a greater degree than the heavier
'*2Ce. The variation of 8'**Ce values in the liquid phase was within the analytical
uncertainty in this experimental period, both for the ferrihydrite and 6-MnO, systems,
suggesting that isotopic equilibrium was attained within 6 h. The degree of isotopic

fractionation did not vary with ionic strength.
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The results of the isotopic fractionation of Ce during adsorption and spontaneous
precipitation are presented in Table 3—1 and Figs. 3—4A (adsorption on ferrihydrite), 3—
4B (spontaneous precipitation), and 3—4C (adsorption on 8-MnQy), versus the fraction
of total Ce adsorbed or precipitated. In Fig. 34, model lines for the equilibrium isotopic
fractionation and the Rayleigh fractionation are shown as solid and dashed lines,
respectively. As a constraint on the model lines, the 8'**Ce value for the solid phase
should be 0%0 when the adsorbed or precipitated fraction is 1. By contrast, if all the Ce
remains in the liquid phase, the 8'*Ce value for the liquid phase should not vary from
that of the original CeCls solution. The mean o q-s, value listed in Table 3—1 was used
in calculating these model lines. In the table, the isotopic fractionation factor a between

the liquid and solid phases was calculated as

an—So -

10° +8'Ce
10° +8"2Ce,,

(3-9)

In relation to the degree of isotopic fractionation between the liquid and solid phases in
the three systems, the mean o 4-s, value is largest when Ce is adsorbed on 8-MnO,. For
the spontaneous precipitation of Ce, although we could achieve only a low precipitation
fraction, the mean o4, value was slightly higher than that of the Ce/ferrihydrite

system.

3.3.3 XAF'S spectra

The Ce Lyr-edge (5.723 keV) XANES spectra of both Ce adsorbed on
ferrihydrite and 8-MnO; measured at BL-12C at the Photon Factory (Tsukuba, Japan),
along with results for certain reference materials, are shown in Fig. 3—5. The Ly-edge
XANES spectrum of Ce precipitated from the same CeCls solution is also shown. The
shapes of the spectra revealed a clear distinction between trivalent and tetravalent Ce,
that is, Ce(IIl) presents one sharp peak and Ce(IV) shows a two-humped peak. In
addition, the indicated energy of the peak tops for Ce(Ill) and Ce(IV) differs. The

results illustrate that Ce adsorbed on ferrihydrite was trivalent in our samples. By
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contrast, the two-humped peak of the Ce Lii-XANES spectrum of Ce(III) adsorbed on
0-MnO; suggests that Ce was oxidized to the tetravalent state. This result is consistent

with expectations based on the Eh—pH diagram (Fig. 3—1A).

Similar to the XANES spectra, the Ce K-edge EXAFS spectra can be classified
into two groups based on their frequency patterns. The phase of EXAFS oscillation in
the k-space for the CeCls solution and the Ce adsorbed on ferrihydrite was shifted from
the other three spectra, that is, spontaneous precipitation of Ce, Ce adsorbed on 8-MnO,,
and tetravalent CeO; reagent (Fig. 3—6A). The amplitude of the oscillation for the CeO,
spectrum increased with the increase in & range. Difference among the spectra was also
observed in the R-space after Fourier transformation (FT). The FT magnitude of the
CeCls solution and Ce on ferrihydrite showed one peak, whereas those of the
spontaneous precipitation of Ce, Ce on 8-MnQO,, and CeO, showed two peaks (Fig. 3—
6B). The first (R + AR = 1.75) and second (R + AR = 3.5) peaks correspond to the first
and second coordination spheres, respectively. Oxygen is an element in the first
coordination for all spectra. The second coordination can reflect the shell of Ce—Ce or
Ce—Mn, indicating spontaneous precipitation and CeO, or Ce adsorbed on 6-MnO,,
respectively. The fitting results for the Fourier transform spectra are listed in Table 3-2.
The bond length of Ce—O is approximately 2.52 A to 2.53 A for the CeCl; solution and
the Ce/ferrihydrite system, whereas it is approximately 2.30 A for the Ce precipitation,
Ce/d-MnO; system, and CeO, reagent. In the Ce/d-MnO, system, a better-fitting result
was obtained by assuming a Ce—Ce shell instead of a Ce—Mn shell. This process is

discussed in Section 3.4.2.2.

3.4 Discussion
3.4.1 Change in oxidation state during adsorption and precipitation

Given that a “true” positive Ce anomaly was not observed for the sample of
Ce(IIT) adsorbed on ferrihydrite (Fig. 3-2), it is suggested that Ce was not oxidized by
Fe minerals. By contrast, a large positive Ce anomaly was observed from the sample of

Ce adsorbed on 0-MnO,, suggesting that Ce was scavenged oxidatively for the liquid
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phase by Mn oxide (Fig. 3-2). Previously, this kind of REE pattern was used as the
basis of discussions on the valence of Ce. Although the REE pattern can provide some
indication as to whether Ce is trivalent or tetravalent, XANES spectra can provide the

direct evidence on Ce oxidation state.

The Ce Lmy-XANES spectrum clearly showed that the Ce adsorbed on
ferrihydrite is trivalent, at least on the timescale considered in this study (Fig. 3-5). An
important point from this result is that ferrihydrite does not oxidize Ce on the timescale
of this study, as expected based on the Eh—pH diagram (Fig. 3—1A). This result is
consistent with previous studies (De Carlo and McMurtry, 1992; Kawabe et al., 1999a;
Takahashi et al., 2007). Compared with leaching experiments (Bau and Koschinsky,
2009), the XANES data can provide more direct evidence and from these data it was
clarified that oxidative scavenging of Ce does not occur by means of interaction with Fe
minerals within the time range employed in this study. By contrast, Ce adsorbed on
0-MnO; was oxidized to a tetravalent state, which is consistent with the expectations
based on the Eh—pH diagram (Fig. 3—1A) and as suggested in other studies (Takahashi
et al., 2000a, 2007; Ohta and Kawabe, 2001). This outcome is also consistent with the
results of the REE adsorption experiment, which showed the positive Ce anomaly (Fig.
3-2). In addition, the XANES spectrum of the spontaneous precipitation of Ce also
showed a two-humped peak, suggesting that Ce was oxidized by the bubbling of O, gas

to a highly insoluble tetravalent state.

Although REE patterns and XANES spectra suggest whether Ce is trivalent or
tetravalent, as shown in Fig. 3-2 and 3-5, the timing of oxidation, that is, whether Ce is
oxidized during adsorption or in the water column before adsorption, cannot be clearly
determined, which may be related to the isotopic fractionation found in our system. This

issue is explored in the discussion in Section 3.4.2.

3.4.2 Stable isotopic fractionation of Ce between the solid and liquid phases

In this section, the isotopic fractionation based on the local structural data of Ce

by XAFS is discussed in the framework of equilibrium isotopic fractionation. The
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attainment of the isotopic equilibrium is suggested because (i) the 8'**Ce values of the
liquid phase with similar adsorbed fraction did not show isotopic variation against
elapsed time (Fig. 3-3) and (ii) the isotopic fractionation of Ce during the adsorption
experiment and the formation of spontaneous precipitate obeyed the model line of the
equilibrium isotopic fractionation (Fig. 3-4). Although a study of natural
ferromanganese nodules and crusts showed that the magnitude of Ce anomaly was
kinetically controlled (Takahashi et al., 2007), the growth rate of natural
ferromanganese crust is very slow, irrespective of the formation environments,
compared with our experimental study. Thus, the reaction in the natural sample can be
regarded as a pseudoequilibrium adsorption reaction over a short period, which can be

treated by adsorption experiments in the laboratory, as conducted in this study.

The main factors controlling the degree of equilibrium isotopic fractionation are
temperature, relative mass difference between isotopes (Bigeleisen and Mayer, 1947;
O’Neil, 1986; Schauble, 2004). In addition, the heavier isotope preferentially partitions
into stronger bonding sites relative to the weaker bonding site, including a higher
oxidation state, highly covalent bonds, shorter bond lengths, low-spin electronic
configurations, and a lower CN (Bigeleisen and Mayer, 1947; O’Neil, 1986; Schauble,
2004). Data for the chemical state of Ce before and after the adsorption experiment are
necessary to clarify the reason for the Ce isotopic fractionation. This issue is discussed,

along the Ce K-edge EXAFS spectra, below.

3.4.2.1 Coordination environment and isotopic fractionation: Ce/ferrihydrite and Ce

precipitation systems

There are two main types of adsorbed species, namely, outer-sphere and
inner-sphere surface complexes. The former species is adsorbed as hydrated species
without direct bonding to the solid surface, whereas the latter shares oxygen between
the adsorbed species and adsorbent surface. The absence of the second shell for the
Ce/ferrihydrite system (Fig. 3—6B) suggests that Ce mainly forms an outer-sphere

complex on the surface of ferrihydrite, which is in contrast to the clear second shell
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peak found in the Ce/3-MnO; system (Fig. 3—6B). Moreover, the interatomic distance
between Ce and first neighbor O, and the CN of the first shell, for the Ce’* adsorbed on
ferrihydrite are similar to those for the Ce’" aqua complex (Table 3-2). These results
show that the local coordination environment of Ce®" adsorbed on ferrihydrite is similar
to that of the Ce’" aqua complex. By contrast, the local structure of Ce was changed
from the aqua complex in the Ce-precipitation and Ce/0-MnO, systems. For the isotopes,
the degree of isotopic fractionation of Ce was the smallest for the ferrihydrite system
among the three systems, which can be attributed to the similarity in local structure
between the Ce adsorbed on ferrihydrite and the Ce aqua complex. Similar phenomena
have been found in other adsorption systems. For example, molybdate forms an
outer-sphere complex on ferrihydrite, indicating that the local structure of Mo does not
vary in the system, and consistent with the small Mo isotopic fractionation in the
ferrihydrite system (Goldberg et al, 2009). Therefore, the smallest isotopic
fractionation for Ce in the Ce/ferrihydrite system, among the three systems, can be
explained within the framework of equilibrium isotopic fractionation, that isotopic
fractionation must be accompanied with changes in the local structure of the ion during

the reaction (Bigeleisen and Mayer, 1947; O’Neil, 1986; Schauble, 2004).

In the Ce-precipitation system, 8'**Ce becomes larger for the Ce remaining in
solution. The XANES spectra showed that Ce in the spontaneous precipitation was
oxidized to Ce(IV), a higher oxidation state than Ce in Ce’" solution (Fig. 3-3).
Therefore, the bond length of Ce—O is shorter because of the increase in the charge,
which is reflected in the EXAFS results for the Ce(IV) species (Table 3-2).
Furthermore, in general, it is strongly expected that CN decreases as the ionic radius
decreases, although the decrease is not clear from our results due to the large analytical
uncertainty in CN. These results indicate that the factors controlling the isotopic
fractionation of Ce cannot be attributed to the stronger bonding of Ce—O in the Ce(IV)
precipitates or Ce(IV) (hydr)oxides relative to the aqua complex. Therefore, the
preferential retention of the heavier isotope in the aqueous phase cannot be explained
reasonably based on the structural data or on the rule of equilibrium isotopic

fractionation, as discussed by Bigeleisen and Mayer (1947). However, in a manner

60



analogous to the case for Ce, stable isotopic fractionation between aqueous Fe(IIl) and
precipitated Fe(IIT) showed that Fe precipitation had a smaller 8°°Fe value than that of
coexisting Fe(Ill),q (Skulan et al., 2002; Balci et al., 2006), indicating that lighter
isotopes can be partitioned into the solid phase when the precipitation occurs from
aqueous solution. This fractionation is qualitatively consistent with the isotopic

fractionation of Ce in the Ce-precipitation system.

3.4.2.2 Ce species incorporated into 0-MnQO;

The notable result obtained from the EXAFS spectra signatures was that the
spectrum of the Ce adsorbed on 6-MnO, was similar to that of spontaneous precipitation
of Ce (Fig. 3—6A). A study of natural ferromanganese crusts showed that the XANES
spectra of the samples do not resemble Ce(OH), (Takahashi et al., 2007), which was
also observed in our XANES spectra. However, the EXAFS spectrum of Ce/3-MnO;
showed its similarity to that of Ce(OH)s. This difference could be caused by the high
concentration of Ce in our experiment compared with that of the real deep ocean, where
the Ce concentration is several pmol/kg. In addition, the Fourier transform magnitude of
the Ce adsorbed on 8-MnQO; suggests that the interatomic distance of the second shell is
similar to that for spontaneous precipitation of Ce, namely Ce(OH)4 and CeO; (Fig. 3—
6B). These findings suggest that the atom indicated in the second shell in the
Ce/d-MnO; system is not Mn but Ce. Assuming that the second neighboring atom is Mn,
the interatomic distance between the center Ce and Mn is estimated as 4.113 £ 0.013 A
based on the EXAFS fitting; this value is even longer than the estimated values for the
Ce—Ce shell (Table 3-2). The ionic radius at CN = 6 for Mn*" (= 0.530 A; Shannon,
1976) is much smaller than that for Ce*" (= 0.870 A), also suggesting that the
assignment of Mn to the second shell is incorrect. Therefore, it is reasonable to expect
that the atom at the second neighbor site in the Ce/d-MnO, system is also Ce, indicating

that Ce(IV) (hydr)oxide was formed at the surface of 8-MnO,

Although the EXAFS spectra in k-space showed similarities between the
Ce/0-MnO, system, Ce precipitation, and CeOs, the relative intensity of the Ce—Ce peak
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at R + AR = 3.8 A in the R space decreased in the order of CeO, > Ce precipitation > Ce
on 0-MnO, (Fig. 3—-6B). In particular, the peak for Ce on 6-MnO, was much smaller
than those for CeO, and Ce precipitation, as reflected in the CN of the Ce—Ce shell: 2.4
for Ce on d-MnO;, compared with 6.6 and 4.7, respectively, for CeO, and Ce
precipitation (Table 3-2; note that the difference of the CN becomes larger if we assume
the Debye-Waller factor for Ce-Ce is constant for the three species). In this case, the
lower CN of Ce in the Ce/0-MnO, system might be explained by the formation of
nanoparticles of Ce(IV) (hydr)oxide, which has a lower CN value for the second
neighboring Ce compared with the Ce bulk in CeO,, as similarly observed in the K-edge
EXAFS results for the Cu nanoparticles (Manceau et al., 2008). The smaller
contributions of Ce-Ce shell in the Ce/8-MnO; system compared to that of nanoparticles
of Ce(OH), in the k-space spectrum was also observed (Fig. 3—6C). Thus, the present
results show that nanoparticles of Ce(IV) (hydr)oxide were formed in the Ce/8-MnO,
system. The Debye—Waller factor indicates that the degree of disorder of the
coordination environment of Ce increases in the order of CeO, < Ce precipitation < Ce
on 0-MnO, (Table 3-2), which is also compatible with the suggestion that Ce is present
as nanoparticles of Ce(IV) (hydr)oxide on 6-MnOs,.

In addition to the EXAFS results, the formation of Ce(OH)4 nanoparticles is also
reflected in the XANES spectra of Ce in the Ce/d-MnO; and Ce precipitation systems.
The absorbance of Ce(IV) (hydr)oxide and CeO, is higher at first maxima and the two
spectra have a shoulder (Fig. 3-5). These two features are attributed to many-body
effects and to the covalent nature of the Ce—O—Ce bond (Kaindl et al., 1988; Hu et al.,
1994; Soldatov et al., 1994; Takahashi et al., 2002b, 2007). However, such shoulders
were not observed in the spectra of the Ce adsorbed on the 6-MnO, and Ce(SOs),
reagents because of the more ionic character of the Ce(IV)-O bond in these compounds
(Takahashi et al., 2002b). Alternatively, the absorbance of these two XANES spectra is
higher at the second maxima (Fig. 3-5). The smaller the particle becomes, the greater
the number of Ce—(OH)x bond becomes, leading to a decrease in the number of Ce-O—
Ce bonds that represents more covalent bonding. An electronic polarization occurs

when Ce forms a Ce—O-H bond, leading to a more ionic character. Therefore, the
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formation of Ce(IV) (hydr)oxide nanoparticles is responsible for both the EXAFS and
XANES spectra.

The formation of nanoparticles probably occured after the adsorption on 8-MnO,
for the following reasons: (i) in the Co/0-MnO, system, which behaves similarly to Ce
in terms of the oxidative adsorption on 8-MnO,, the oxidation of Co*" to Co®" occurred
after the adsorption of Co”" on 8-MnO, (Manceau et al., 1997); and (ii) the EXAFS
spectrum of Ce on 8-MnO, differs from that of Ce in the spontaneous precipitation
system. Based on these facts, it is suggested that Ce(IIl) is initially adsorbed on the
0-MnQO; surface and Ce(Ill) is oxidized to Ce(IV) by 8-MnQO; after the initial adsorption
of Ce(Ill). The subsequent oxidation after the adsorption results in the formation of

nanoparticles of Ce(IV) (hydr)oxide associated with §-MnOQO,.

3.4.2.3 Coordination environment and isotopic fractionation: Ce/6-MnQ; system

The relationship between Ce isotopic fractionation and Ce species in the
Ce/0-MnO, system is based on the Ce species on 8-MnQO,. The linear isotopic
fractionation line in Fig. 3—4C shows that the system consisting of dissolved Ce(IIl),
dissolved Ce(IV), Ce(IlI) adsorbed on 8-MnO,, and Ce(IV) nanoparticles on 8-MnQO; is
at equilibrium. This observation indicates that Ce(IV) in the aqueous phase is also
present and equilibrated with Ce(IV) nanoparticles in the solid phase, although the main
pathway for the formation of Ce(IV) nanoparticles is the oxidation of Ce(IIl) after the
adsorption of Ce(III) on 6-MnO», as suggested in the Section 3.4.2.2.

Here, the isotopic fractionation between aqueous Ce and Ce(OH)4 nanoparticles
on 0-MnO; is focused. Considering the very low solubility of Ce(IV), it is most likely
that Ce(IIl) is the main species dissolved in the aqueous phase, whereas Ce(OH)4
nanoparticles are the main Ce species in the solid phase. Thus, two fractionation
pathways have to be considered if we assume equilibrium isotopic fractionation; that is,
dissolved Ce(IIl) and Ce(OH)4 nanoparticles are in equilibrium with both Ce(IV) in the

aqueous phase and Ce(III) adsorbed on 8-MnO,, respectively. The difference in the two
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pathways is the timing of the oxidation, specifically, whether Ce is oxidized in the

aqueous phase or after the adsorption.

In the first pathway, the equilibrium isotopic fractionation between dissolved
Ce(IIT) to the Ce(IV) nanoparticles on 6-MnO, through Ce(IV) in the aqueous phase
(Dissolved Ce(II) «» Ce(OH)x in the solution «» Ce(OH)4 nanoparticles on 6-MnO) is
considered. Although it is difficult to predict the direction and degree of the equilibrium
fractionation between aqueous Ce(Ill) and Ce(IV) precipitates theoretically, as
suggested in Section 3.4.2.2, the results obtained for the Ce-precipitation system
showed that the heavier isotope remains in the aqueous phase during the precipitation
(Fig. 3-4B). However, our results show a much greater isotopic fractionation factor in
the Ce/d-MnO, system than in the Ce-precipitation system. Considering the large
difference in the isotopic fractionation between the two systems, it is speculated that the
formation of Ce(OH)s nanoparticles on 8-MnQO; is the main reason for the larger
isotopic fractionation in this system compared with the Ce-precipitation system. In
considering the nanoparticles, the following points arise: (i) the coordination
environment of Ce at the surface of the Ce(OH)4 nanoparticles is different from that of
the larger Ce(OH), particles; and (ii) the Ce(OH)4 nanoparticles have a much greater
population of Ce at the surface compared with larger particles. These distorted
structures of Ce in the nanoparticles might cause greater isotopic fractionation, as

suggested by previous studies (Kashiwabara et al., 2011; Wasylenki et al., 2011).

In the second pathway, assuming the adsorbed Ce(Ill) as the intermediate
species, possible isotopic fractionation between dissolved Ce(Ill) and Ce(IIl) adsorbed
on 0-MnO, (Dissolved Ce(Ill) «» Ce(Ill) on 8-MnO;, «> Ce(OH)4 nanoparticles on
0-MnQO;) can be suggested based on equilibrium isotopic fractionation during the
adsorption reaction. Ohta et al. (2009) reported local structures of La(IIl) and Pr(III)
adsorbed on a 8-MnO, surface, where the bond lengths of La—O (= 2.608 A) and Pr—O
(= 2.558 A) were larger than the respective corresponding La—O (= 2.551 A) and Pr—O
(= 2.489 A) distances in their aqua complexes. It is highly likely, therefore, that the
Ce(II-O bond length adsorbed on 8-MnO, may be much greater than that of the

Ce(IlT) aqua complex. These suggestions appear reasonable in the framework of
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equilibrium isotopic fractionation, as the results suggest that heavier Ce remains in the
aqueous phase. In addition, Ohta et al. (2009) reported the bond length of REE—O in the
REE/ferrihydrite system, stating that the REE-O distance increased in the order of
REE®" aqua complex < REE/ferrihydrite system < REE/8-MnO, system. The larger
difference in distance can explain the greater isotopic fractionation in the REE/8-MnO,
system compared with the REE/ferrihydrite system. The isotopic fractionation in the
subsequent processes of Ce(Ill) oxidation on the 6-MnO, surface and the formation of

Ce(IV) nanoparticles may be similar to that in the first case.

Therefore, it is reasonable to conclude that there is preferential adsorption of
lighter Ce onto the solid phase, if we accept that (i) a heavier isotope remains in the
aqueous phase in the Ce-precipitation system and (ii) equilibrium is attained in the

Ce/0-MnO; system, as suggested by Fig. 3—4C.

3.4.3 Application of XAF'S and the Ce isotope ratio to geochemical samples

Given that the Ce/d-MnO, system attains, at least apparently, equilibrium
isotopic fractionation, the two reactions described in the Section 3.4.2.3 occur in the
Ce/0-MnO, system. It is strongly suggested that the initial reaction proceeds via the
adsorption of Ce(IIl) on the 8-MnQO; surface, followed by surface oxidation to Ce(IV).
Final equilibrium was achieved in the Ce/d-MnO; system. Oxidation at the §-MnO,
surface leads to the formation of Ce(OH)s; nanoparticles on the surface. It was
speculated that the formation of nanoparticles is related to the degree of isotopic
fractionation in the Ce/d-MnO, system, which is significantly greater than that in the
Ce-precipitation system. Although the reason for the large isotopic fractionation in the
Ce/0-MnO, system is not yet clear, the difference in the isotopic fractionation in the
three systems (Ce spontaneous precipitation, Ce/ferrihydrite, and Ce/8-MnQ;) suggests

that the Ce stable isotope may be used as a new redox indicator.

Even with the recent development of XANES analysis, the previous discussion
on redox conditions has only referred to the Ce(IlI)/Ce(IV) boundary. Although the Ce

Li-XANES spectra can show the mixing ratio of trivalency and tetravalency, which
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would be difficult to determine using only the size of the Ce anomaly, the situation has
not changed significantly. Identifying the formation process of Ce(IV), that is, oxidative
adsorption or oxidation in the liquid phase followed by precipitation, would enable
more detailed discussion of the redox state. In this respect, the stable isotope ratio of Ce

can give definitive data.

The isotopic fractionation of 8'**Ce between the liquid and solid phases is the
lowest in the case of adsorption on ferrihydrite, which is not accompanied by the
oxidation of Ce and occurs above the Fe*'/Fe(OH); boundary, below the Ce**/CeO,
boundary in the Eh—pH diagrams (field (i) in Fig. 3—1A). For spontaneous precipitation
of Ce, the 8'*Ce fractionation is greater than for Ce adsorbed on ferrihydrite, whereas it
is less than that for Ce incorporated into 0-MnO,. This situation occurs above the
Ce’/Ce0, boundary and below the Mn®"/MnO, boundary, that is, in the relatively
oxidative condition (field (ii) in Fig. 3—1A). Although the extent of 8'**Ce fractionation
in these two cases is within analytical uncertainty, the size of the Ce anomaly and the
XANES spectra data provide a clear distinction between adsorption without oxidation
and spontaneous precipitation. The largest isotopic fractionation between the liquid and
solid phases is observed when Ce is removed by 8-MnO; (field (iii) in Fig. 3—1A) via
oxidative adsorption, which cannot be distinguished clearly from the spontaneous

precipitation by the Ce anomaly and XANES data alone.

Thus, the combination of the Ce anomaly (and Ce oxidation state) and the stable
isotope ratio of Ce may offer a powerful tool in detecting a consecutive variation from a
reductive to an oxidative condition. This variation can be seen in geochemical samples
such as Precambrian BIFs and carbonates, which may preserve redox information on
paleo seawater when the Earth was under (i) a reductive condition, (ii) a moderately
oxidative condition, or (iii) an oxidative condition. In addition, this method can be used
to clarify the cause of the positive Ce anomaly seen in Archean BIFs (Kato et al., 2006),
i.e. whether it is generated under moderately oxidative conditions (field (ii) in Fig. 3—
1A) or oxidative conditions with the existence of Mn oxides (field (iii) in Fig. 3—1A).
This combination could be especially useful for samples formed between 2.3 Ga and 2.1

Ga. To date, the atmospheric O, level is believed to be below 10~ PAL (present
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atmospheric level) until 2.3 Ga because of the appearance of sulfur mass-independent
fractionation (Farquhar et al., 2000; Pavlov and Kasting, 2002). The presence of a
eukaryote recently discovered in a 2.1 Ga black shale in Gabon (Albani et al., 2010)
shows that an O, level greater than 1% PAL existed at that time. However, the lack of
other evidence makes it difficult to discuss in detail the increase of atmospheric O,
between these two time points. The combination of the stable isotope ratio and the Ce
anomaly may enable a more precise estimation of the redox state of the paleo-ocean

environment and the evolution of the atmosphere.

For example, if there is no Ce anomaly in Precambrian BIFs, it is expected that
isotopic fractionation of Ce between a BIF and carbonate is small, as seen in the
Ce/ferrihydrite system. Furthermore, as described above, such a condition is attained
when the Eh—pH state is between the Fe*"/Fe(OH); and the Ce®*/CeO, boundaries (field
(1) in Fig. 3—1A), which generally corresponds to euxinic marine water. If a Ce anomaly
is observed in a Precambrian BIF, analysis of the stable isotope ratio of Ce allows
further investigation of whether the Ce(IV) is generated by spontaneous precipitation or
by oxidative adsorption in the presence of a small amount of Mn oxide, which cannot be
distinguished using other methods. If the Ce isotopic fractionation suggests that Mn
oxide was present (but easily disappears due to the subsequent diagenetic process), the
ocean at that time could be as oxic as it is today. It is therefore likely that the Ce isotope
ratio will enable the determination of redox conditions more precisely than with a Ce
anomaly alone. Although our study ultimately aims to use the Ce isotopic fractionation
to understand the paleo-redox condition, the experiments were performed under low pH
and high Ce concentration—conditions which are different from natural seawater. Thus,
further studies are necessary more analogous to natural seawater conditions as follows:
(1) Ce species in the aqueous phase must include dissolved complexes such as
carbonate; (ii) experiments in the Ce/3-MnO; system must be conducted at lower Ce
concentration where the formation of Ce(OH)s nanoparticles is suppressed. However,
the current study represents the first step in elucidating more quantitative redox

information from Ce chemistry during adsorption reactions.
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3.5 Conclusions

In this study, three data consisting of Ce—abundance, stable isotope ratio, and
chemical state—were provided for the first time. The REE distribution coefficient
pattern combined with Ce Lij-edge XANES spectra suggested that Ce is not oxidized
by ferrihydrite, but is oxidatively scavenged by 8-MnQO,, as expected from the Eh—pH
diagrams. The degree of isotopic fractionation of Ce between the liquid and solid phases
increases as the redox condition becomes more oxic in the following order: adsorption
without oxidation, Ce(IV) precipitation, and oxidative adsorption (incorporation). In
particular, the latter two processes were distinguished by the Ce stable isotope ratio, and
cannot be discerned using the Ce anomaly alone. The difference between the two
systems originated from the different Ce isotopes in the solid phase of a Ce(OH)4
precipitate in the spontaneous Ce precipitation and Ce(OH)s nanoparticles in the
Ce/0-MnO, system. Although we have to continue similar studies in systems more
similar to the natural marine environment (e.g., carbonate complex in the aqueous phase,
lower Ce concentration, etc.), it is expected that applying Ce geochemistry to
Precambrian BIFs and carbonates in future research will lead to a better understanding

of the paleo-redox state of the ancient oceans.
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Table 3—1. Isotope ratio and fractionation factor for Ce during adsorption and

precipitation.
System Fraction &'*Ce(Lq) &'*Ce (So) OlLg-So Average
Ce/ferrihydrite 0.85 0.085 —0.073 1.000158
0.73 0.051 —0.089 1.000140
0.60 0.045 —0.089 1.000134
0.44 0.035 —0.106 1.000141
0.29 0.021 —-0.139 1.000159
0.18 —0.001 —0.138 1.000137 1.000145
+0.000022
Ce precipitation 0.12 0.045 -0.127 1.000173
0.09 0.033 —0.169 1.000202
0.06 0.020 —0.183 1.000203
0.03 0.000 —0.207 1.000207 1.000196
+0.000031
Ce/6-MnO; 1.00 0.417 —0.004 1.000421
0.86 0.350 —0.065 1.000416
0.74 0.264 —0.163 1.000427
0.63 0.248 -0.219 1.000467
0.46 0.116 —0.238 1.000355
0.32 0.106 -0.272 1.000378 1.000411
+0.000079

Note that deviations are expressed in 2c values calculated from the respective opq-so

values.
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Table 3-2. Fitting results of Fourier transform spectra.

System Shell CN R (A) o’ (A% R factor (%)

Ce’" solution Ce-O 8.6 *+1.3 2521 +0.013 0.012 0.086

Ce/ferrihydrite

(Ce/Fe = Ce-O 7.5 1.3 2526 +0.014 0.013 0.056

0.0177)

Precipitation Ce-O 84 +1.2 2303 +0.014 0.015 6.3
Ce—Ce 4.7 £1.1 3.846 +0.010  0.0058

Ce/d-MnO;

(Ce/Mn = Ce-O 6.5 +1.1 2296 =+0.019 0.019 9.5

0.0199)

CeCe 24 +£13 3.850 +0.024  0.0085
CeO; Ce-O 85 1.2 2335 +0.011 0.0094 4.7
CeCe 6.6 £2.0 3.855 +0.012  0.0022

Note: CN denotes the coordination number, R (A) denotes the distance from the center

atom, 6: Debye-Waller factor, and the R factor (%) is the quality of fit (see Eqn. 3-6).
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Fig. 3-1. (A) Eh—pH diagram for Fe, Mn, and Ce in the system metal-H-O at 25 °C.
The dashed lines represents the soluble—insoluble boundary for Fe (soluble species: Fe*"
and Fe’"; insoluble species: Fe(OH); and Fe(OH),) and Mn (soluble species: Mn”";
insoluble species: MnO,, MnO, Mn3;04, and Mn(OH),). The solid line represents the
boundary between Ce’* (soluble) and CeO, (insoluble). In this calculation, the
concentrations of both Fe and Mn are 10 ° M, and that of Ce is 10 '° M. (B) Calculated
species distribution of Ce under the experimental conditions. The data for REE—
carbonate complexation constants were obtained from Luo and Byrne (2004), and the

equilibrium constants of the carbonate species were obtained from Nordstrom et al.

(1990).
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Fig. 3-2. (A) Distribution

coefficient pattern of REEs between the liquid and solid

phases. K4 is defined in the text (Eqn. 3—1). (B) Diagram to define “true Ce anomaly”.

Field I: neither Ce nor La anomaly; field Ila: positive La anomaly, no Ce anomaly; field

IIb: negative La anomaly, no Ce anomaly; field Illa: positive Ce anomaly; field IIIb:

negative Ce anomaly. The legend is the same as that of 3—2A.
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Fig. 3-3. Variation of §'*Ce values in the liquid phase during the adsorption
experiment at various elapsed times. Black symbols: Ce/3-MnO; system with adsorbed
fraction of 0.90—0.99; gray symbols: Ce/ferrihydrite system with adsorbed fraction of
0.25—0.35 (only a datum in 120 h, 0.70 M system was taken from the adsorbed fraction
of 0.40); square symbols: data from Table 3—1; closed circles: ionic strength of 0.10 M;

open circles: ionic strength of 0.70 M.
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Fig. 3—4. Isotopic fractionation of Ce during (A) adsorption on ferrihydrite, (B)

spontaneous precipitation, and (C) adsorption on 8-MnO,, along with the adsorbed

fraction in the system. Open squares represent the 8'**Ce values of the liquid phase, and

closed squares represent the solid phase. The error bar indicates the analytical error

calculated from repeated measurements of a standard solution. The solid lines

correspond to a model of equilibrium fractionation and the dashed lines to a Rayleigh

fractionation.
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solution, CeO,, and Ce(SO4),). The dashed line runs through the peak top of Ce(III).
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represent measured data, and the dashed lines represent fitting results. (C) Contributions
of Ce-O and Ce-Ce shells in the k-space spectrum of the spontaneous precipitation of

Ce and Ce adsorbed on 6-MnO,.
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Chapter 4

Difference in the stable isotopic fractionations of Ce, Nd, and Sm
during adsorption on iron and manganese oxides and its interpretation

based on their local structures

4.1 Chapter introduction

The advent of multicollector-inductively coupled plasma-mass spectrometry
(MC-ICP-MS), has enabled the study of the isotopic fractionation of heavy
non-traditional elements (i.e., those heavier than sulfur), leading to a robust assessment
of the behavior of elements such as silicon (Si) (De La Rocha et al., 2000), calcium (Ca)
(Gussone et al., 2005), chromium (Cr) (Ellis et al., 2002; Frei et al., 2009), iron (Fe)
(Beard and Johnson, 2004; Icopini et al., 2004; Johnson et al., 2004a), copper (Cu)
(Maréchal et al., 1999; Mason et al., 2005), zinc (Zn) (Maréchal et al., 1999; Juillot et
al., 2008; Moynier et al., 2009), selenium (Se) (Johnson et al., 1999; Johnson and
Bullen, 2004), molybdenum (Mo) (Barling et al., 2001; Anbar, 2004: Barling and Anbar,
2004), antimony (Sb) (Rouxel et al., 2003), and thallium (T1l) (Rehkdmper et al., 2002;
2004; Nielsen et al., 2009). Such work on the isotopic fractionation of heavy elements
has provided a better understanding of ancient Earth and biogeochemical cycles (e.g.,
Halliday et al., 1998; Johnson et al., 2004b; Anbar and Rouxel, 2007), but despite the
increasing attention given to the isotopic fractionation of heavy elements, the
mechanisms controlling isotopic fractionation for some elements have yet to be clearly

explained.

Elements that are present as cations in a solution, such as Fe, Cu, and Zn, have
been shown to exhibit enrichment of the heavier isotopes on solid phases in adsorption
experiments (Cacaly et al., 2004; Icopini et al., 2004; Clayton et al., 2005; Crosby et al.,
2005; Pokrovsky et al., 2005; which are summarized in Balistrieri et al., 2008), whereas
elements that form soluble oxyanions, such as germanium (Ge), Se, Sb, and Mo are
subject to adsorption of lighter isotopes on Fe and/or Mn oxides (Johnson et al., 1999;

Galy et al., 2002; Barling and Anbar, 2004; Ellis et al., 2004; Balistrieri et al., 2008;
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Tanimizu et al., 2011). Isotopic fractionation is not observed during adsorption of
hexavalent Cr on goethite and y-Al,Os although Cr(VI) is dissolved as an oxyanion
(Ellis et al., 2004). Major factors that control equilibrium isotopic fractionation include
temperature, the relative mass difference between isotopes, and the nature and strength
of the bonding environment (Bigeleisen and Mayer, 1947; O’Neil, 1986; Schauble,
2004). The degree of equilibrium isotopic fractionation usually decreases as the
temperature increases, the factor of which is roughly equal to 1/T* for most elements,
whereas isotopic fractionation is greater for lighter elements owing to the larger relative
mass differences among their isotopes. At equilibrium, the heavy isotope of an element
is preferentially concentrated in the component where the element forms a stronger
bond. The bond strength is greater for the species that have (i) shorter bond lengths; (i)
higher oxidation states; (iii) highly covalent bonds between atoms with similar
electronegativities; and (iv) lower coordination numbers (CNs) (Criss, 1999; Schauble,
2004). These rules suggest that large equilibrium isotopic fractionations occur at low
temperatures between substances with highly varying oxidation states, bond lengths, or
CNs. Knowledge on whether the adsorption occurs via inner-sphere complexation (ions
have direct bond with the surface of a solid phase) or outer-sphere complexation (ions
do not have direct bond but are attracted by electrostatic force to a solid phase) can also
be important for isotopic fractionation in elements such as Fe and Mo (e.g., Barling and
Anbar, 2004; Butler et al., 2005). Although several possible causes of isotopic
fractionation have been presented, the chemical property that has the greatest influence

on bond strength remains unknown.

The results in the Chapter 3 showed that the stable isotopic fractionation of
cerium (Ce) observed during adsorption on ferrihydrite and 6-MnO, cannot be
explained by the isotopic fractionation mechanisms described above. Under their
experimental conditions, Ce should be dissolved as a free cation, specifically, the Ce"
aqua ion, which suggests that the heavier isotope of Ce should be concentrated in the
solid phase according to the general observation of cation adsorption. In particular, Ce
adsorption on 8-MnQO; was accompanied by the oxidation of Ce(Ill) to Ce(IV) on the

surface of the substrate, suggesting that the heavier Ce isotope should be concentrated

78



in 6-MnO, because both the higher oxidation state and the resulting shorter bond length
indicate a stronger chemical bond compared with the aqua Ce(Ill) ion in the liquid
phase. However, it was found that the lighter Ce isotope was preferentially distributed
to both ferrihydrite and 6-MnQO,, which is inconsistent with the studies reported for
cations (Balistrieri et al., 2008). In the former Chapter, this inconsistency is explained
by postulating that (i) Ce adsorbed on ferrihydrite possibly formed an outer-sphere
complex and (ii) Ce adsorbed on 6-MnO, showed a distortion by the formation of
Ce(OH)s nanoparticles. Whether these interpretations are adequate or not can be

assessed by a comparison with the other REEs.

The current study aims to compare the isotopic fractionation data of Ce with
neighboring rare earth elements (REEs) and presents results for stable isotopic
fractionation of neodymium (Nd) and samarium (Sm) during adsorption on ferrihydrite
and 6-MnO,. Unfortunately, since praseodymium (Pr) is a monoisotopic element and
promethium (Pm) only has radionuclides, stable isotope ratios of these elements cannot
be measured. Although we also tried to measure the isotope ratio of lanthanum (La), we
do not include La isotopic data, because repeated measurements (32 times) of the LaCl;
solution used in the adsorption experiment showed an uncertainty of approximately
0.5%0 (20), which is better than that reported in the literature (Shen et al., 1994) but
larger than the Ce isotopic fractionation observed during adsorption (Chapter 3). The
relative mass difference of La isotopes ('*’La/'**La) is about a half to that of Ce
("**Ce/'*°Ce). As such, the isotopic fractionation of La during the adsorption is expected
to be smaller than that of Ce, suggesting that the isotopic fractionation of La during

adsorption cannot be precisely measured.

In spite of these difficulties, a systematic analysis of REE isotopic fractionation
caused by adsorption on common mineral phases can offer insights into the
geochemical behavior of REEs. For example, in seawater, REEs are adsorbed on
various types of suspended matter and solid phases. It is noteworthy that Ce can behave
differently than other trivalent REEs owing to its oxidation to Ce(IV). Cerium is present
in seawater at anomalously low concentrations relative to those of neighboring REEs,

La and Pr (e.g., Elderfield and Greaves, 1982; Piepgras and Jacobsen, 1992; Mdller et
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al., 1994), whereas Ce enrichment is observed in ferromanganese nodules (e.g., Piper,
1974; Elderfield et al., 1981; Bau et al., 1996). Although trivalent REEs have similar
chemical properties, they can show systematic variations in their distributions to various
natural samples as a function of the atomic number due to the lanthanide contraction
(e.g., Henderson, 1984; Taylor and McLennan, 1988; Byrne and Sholkovitz, 1996). For
instance, seawater is characterized by relative enrichment of heavy REE (HREE)
compared with those in suspended particles due to their larger stability of carbonate
complexes caused by the smaller ionic radii of HREE. Meanwhile, the high reactivity of
REEs results in the short residence times of REEs in the ocean and low REE
concentration in seawater (e.g., Elderfield and Greaves, 1982; Piepgras and Jacobsen,
1992; Moller et al., 1994). These observations suggest that the isotopic fractionation
mechanisms may show a systematic variation among REEs due to the change in

stabilities of adsorbed species over the REE series.

In this study, Fe and Mn oxides were used as an adsorptive medium, since
marine ferromanganese deposits play a role as a major sink for REEs (e.g., Piper, 1974;
Elderfield et al., 1981; Bau et al., 1996). K-edge extended X-ray absorption fine
structure (EXAFS) spectroscopy analyses of these elements were conducted to
determine their chemical speciation including coordination number (CN) and bond
length for their adsorbed species, which were used to interpret the isotopic fractionation
data. EXAFS analyses for La, Ce, and Pr were also included, though isotopic data are
not available for La and Pr. The pH condition in this study was confined to the lower
pH region (pH = 5), where the aqua ion is stable for REEs, to focus on the
mass-dependent isotopic fractionation between the aqua ion and the adsorbed species

and to compare the data with those reported for Ce in the Chapter 3.

4.2 Experimental
4.2.1 Adsorption experiment

Synthetic ferrihydrite and 6-MnO, were used as adsorptive media. The

procedure for the preparation of the synthetic ferrihydrite and 6-MnO;, is detailed in the
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Chapter 3 and follows the scheme of Schwertmann and Cornell (2000) for ferrihydrite
and that of Foster et al. (2003) for 8-MnO,. All experiments were performed in a
manner similar to that described in the Chapter 3. A LaCls, NdCl;, or SmCl; reagent
(purity of 99.9%; Wako, Japan) dissolved in ultrapure water was used for the adsorption
experiments on ferrihydrite and 3-MnO,. Similarly, an adsorption experiment for Pr on
these minerals was performed using a 99.5% PrCl; reagent (Wako, Japan). For the
adsorption experiments of Nd and Sm, 10 g of varying concentration of their solutions
were poured into plastic bottles with 100 mg of ferrihydrite or 30 mg of 6-MnO, as the
solid phase. In this experiment, both the amounts of the solid phase and the volume of
the liquid phase were fixed, whereas the REE concentration in the solutions were
systematically varied to prepare samples with different adsorbed fractions (the ratio of
adsorbed REEs to total REEs added into the system: F,q). In the case of the adsorption
experiment for EXAFS measurement, about 10 g of solution containing 10 mg REE (Nd
or Sm) were poured into plastic bottles with 250 mg of ferrihydrite or 100 mg of
0-MnOQ; as the solid phase.

The other experimental parameters, such as the pH and the experimental period,
were identical to those reported in the Chapter 3. The pH was adjusted to 5.00 + 0.05
with dilute NaOH and HCI solutions because the REE’" aqua ion dominates the REE
species in the liquid phase at pH = 5. Speciation calculations under the experimental
condition showed that more than 99.5% of La, Ce(IIl), Pr, Nd, and Sm were dissolved
as REE®" aqua ions under our experimental condition. In the calculation, the data for
REE—carbonate complexation constants were obtained from Luo and Byrne (2004), and
the equilibrium constants of the carbonate species were obtained from Nordstrom et al.
(1990). The suspension was stirred for 6 h at 25°C at 130 rpm. At the end of the
experiment, the liquid phase was separated from the solid phase by filtration using a 0.2

um hydrophilic polytetrafluoroethylen filter (ADVANTEC).

4.2.2 Isotopic analysis

After the solid—water separation in the adsorption experiments, the liquid
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samples were acidified to 0.3 M HNO; to prevent the precipitation of REEs. The
ferrihydrite was dissolved in 6 M HCI (ultrapure grade), while the 3-MnO, was
dissolved in 6 M HCI and H,O, (ultrapure grade). Both mineral digests were finally
diluted to 0.5 M HCI, and the REEs were separated from Fe or Mn via column
chemistry. For Fe elution, 15 g of 2.0 M HCI solution was passed through a column (4
cm long; 1.0 cm diameter) loaded with an AG 50W-X8 cation exchange resin
(Bio-Rad); for Mn elution, 20 g of 2.0 M HNO; solution was used. The column
chemistry had been checked prior to the sample introduction using an ICP-MS (Agilent
7700) with precision better than 1%. Almost 100% (more than 99%) of the REEs were
recovered by elution using a 6.0 M HCI solution, ensuring the absence of isotopic
fractionation during the column chemistry. REE concentrations in both solid and liquid
samples were determined with precision of 2% using an SPS3500 Series ICP-atomic
emission spectrometer (SII NanoTechnology, Inc.) to determine F,q and for the
subsequent dilution prior to MC-ICP-MS analyses. Procedural blanks in the adsorption
experiments (REE-free experiments), measured using ICP-MS, indicated that the
ferrihydrite and 8-MnQO, contained less than 10 pg of the REE, which corresponds to

less than 0.01% of REE added in our experiments.

The isotope ratios of Nd and Sm were determined at the Kochi Institute for Core
Sample Research, Japan Agency for Marine-Earth Science and Technology using a
double-focusing MC-ICP-MS (NEPTUNE, Thermo Fisher Scientific) previously
described by Weyer and Schwieters (2003) and Wieser and Schwieters (2005). Sample
solutions were introduced at 100 pL/min using a GE Micromist nebulizer (Glass
Expansion, Australia) in free aspiration mode attached to a dual cyclonic/double Scott
quartz glass spray chamber. The measurements were performed in low-resolution mode
using an X-type skimmer cone. The typical operating conditions of the instrument are
given in Table 4—1. The measured isotope ratios were corrected by an element doping
technique. The doped element (Sm and Eu for Nd and Sm isotope measurements,
respectively) used has a similar mass to the analyte and more than one stable isotope,
and was added to the sample solutions immediately before MC-ICP-MS analysis.

Through the element doping technique, the observed isotope ratios were corrected
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according to an exponential law using the isotope ratio of the doped solutions. The

relationship between the observed and normalized isotope ratios is described by

Ra-norm = Ra-obs X Aafanalyte’ (4_1)
1{d-norm = 1{d-obs X Adfdope, (4_2)
fanalyte = ﬁiope, (4_3 )

where R, and Ry are the measured isotope ratios of the analyte and doping element, and
f and A are the mass discrimination correction factor and the ratio of exact atomic
masses of the analyte or doping isotope, respectively. The exact atomic masses were
obtained from the ICPAC Technical Report by de Laeter et al. (2003). The REE
chloride solutions used in the adsorption experiment were employed as the standard
solution. The isotope ratios are expressed in a standard delta notation relative to the

average standards, as described by
8(iE)S =[(Rs/Rgrm) — 1] 103, (4—4)

where Rs and Rpy are the isotope abundance ratios n(‘E)/n¢E) in a sample (S: also
corresponds to Ranerm) and a standard solution used in the adsorption experiment,
respectively. The E represents the elements (Nd or Sm) and superscripts i and j denote

heavy and light isotopes of the element, respectively.

A possible mass spectrometric interference in wet plasma mode is the
REE-hydride, which can affect isotope ratio of another element, for example, '**SmH
on "Nd, "**NdH on '*’Sm, and "*NdH on "*Sm. To reduce the variation in the hydride
formation, the ratio between measuring and doping elements was fixed through the
measurement. The contribution of hydride was estimated using 1000 pg/L Nd and Sm
solutions. The NdH/Nd ratio estimated from the ion signal intensity at the mass number
151 as "°NdH/"’Nd, was about 3 x 10°°. Similarly, "**SmH/"**Sm was measured as
approximately 3 x 107°. Although the "’NdH/"°Nd and "**SmH/"**Sm ratios can be
affected by contamination from ""'Eu and '*°Gd, respectively, measured the 151/150
and 155/154 ratios of 3 x 10°°, were small enough to ignore. The ion signals of Nd as

Nd"0 and Sm as '*’Sm'®0 were also checked before each isotopic analysis. The
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NdO/Nd and SmO/Sm ratios were adjusted to 1% on average by tuning the carrier gas

flow rate.

The interferences generated by Sm impurities in Nd and Eu impurities in Sm (on
Nd and Sm isotopic measurements, respectively) were also estimated before the
addition of doping elements. We examined the contribution of '**NdH and '*’Sm by
measuring the ion signal intensity at the mass number 147 when introducing a 1000
png/L Nd solution. The measured (‘**NdH+'*’Sm)/'**Nd ratio was slightly higher than
the "*NdH/"*°Nd ratio owing to the contribution of '*’Sm. Similarly, the intensity at the
mass number 151 was measured when a 1000 pg/L Sm solution was introduced and the

contribution of !

Eu was estimated from the ("°’SmH+""'Eu)/"*’Sm ratio by comparison
with the "**SmH/"**Sm ratio. The estimated amounts of Sm and Eu were less than
0.01% of Nd and Sm in each solution. Thus, the interferences from neighboring REE
were negligible. In the following, the isotope measurement of each element is described

in detail.

For the Nd isotopic analyses, '*Nd, '“Nd, and '*Nd were measured
simultaneously with the doping element isotopes '“’Sm and '*’Sm using the
MC-ICP-MS. Samples and Nd standard solutions were diluted to about 200 pg/L, which

145
corresponds to a

Nd signal of about 1.3 V. In contrast, the standard Sm solution
(Wako, Japan) serving as a doping element was diluted to 100 pg/L, which provided a
'7Sm signal of about 2V. The Nd isotope ratios are expressed as &' *°Nd and §'**Nd
when the isotope ratios of '**Nd/"**Nd and "*°Nd/"**Nd correspond to R in Eq. 4—4. The
determination of both §'*Nd and 3'*°Nd allows us to assess the accuracy of the
measurement. In the natural environment, both mass-dependent and mass-independent
(including nuclear-volume) isotopic fractionations occur. The mass-dependent isotope
effect is due to differences in atomic weight, which implies that relative isotopic

fractionations can be calculated for elements that have more than three stable isotopes.

The relative isotopic fractionation assuming an equilibrium is calculated as

[1/(143 +143)]-[1/(143 +145)]
[1/(143 +143)]-[1/(143 + 146)]

8'“Nd/8"Nd = (4-5)

84



where 143, 145, and 146 correspond to exact atomic masses of each Nd isotope.
Therefore, mass-dependent fractionation of the two Nd isotope ratios is expected to

follow
S Nd = 0.669 x 5'*°Nd. (4—6)

The analytical uncertainties in the measurement of the 3'**Nd and §'**Nd value were
0.048 and 0.069%0 (20), respectively, as calculated from repeated analyses of the
standard NdCl; solution (n = 14). In addition, Nd isotope measurements were performed
twice by preparing one sample with a similar Foq to confirm the quality of the

experiment, and the results were the same within the analytical uncertainty.

For the Sm isotope measurements, 7Sm, "Sm, and '*’Sm were measured
simultaneously alongside the doping element isotopes '°'Eu and ' *Eu. The ion signals
of ’Sm and "'Eu were about 1.4 and 3 V, respectively, using Sm and Eu standard
(Wako, Japan) solutions that were respectively diluted to about 100 and 50 pg/L.
During the measurement, *°Gd was also monitored to estimate the influence of '**Gd,
which can interfere with '>Sm. The '*°Gd signal was negligible (< 0.001% of the '*’Sm
signal) for all samples and standard solutions, which indicates that isobaric interferences
by ""*Gd were negligible in this study. Similar to the case for Nd isotope ratios, two
independent Sm isotope ratio can be determined, 8'*’Sm and §'°*Sm, when R in Eq. 4—4

is 'Sm/"*’Sm and **Sm/'*’Sm, respectively. Here, it is expected that
§'*Sm = 0.404 x §'**Sm. (4-7)

The analytical reproducibility for the measurements of the 5'*Sm and §'°°Sm value
were 0.038 and 0.069%o (20), respectively, as calculated from repeated analyses of the

SmCl; standard solution (n = 8).

4.2.3 EXAFS analysis

Immediately after filtration, solid samples were packed into individual
polyethylene bags and frozen. Lanthanum, Pr, Nd, and Sm K-edge EXAFS spectra,

which provide quantitative information on neighboring atom distances and the CN,
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were measured at BL-01B1 of SPring-8 (Hyogo, Japan). For light REEs, such as La, Pr,
Nd, and Sm, analysis of the K-edge EXAFS is more suitable than that of the L-edge
EXAFS because (i) the L-edge for a lighter REE is subject to interferences by
multi-electron excitation and (ii) the energy range applicable to EXAFS analysis is short
because of the close energy gap between the Ly and Ly edges. Furthermore,
measurement of the Ljj-edge EXAFS spectra of Sm in fluorescence mode is severely
affected by the Mn K-line in the Sm/6-MnQO, system.Thus, we employed K-edge
EXAFS analysis to obtain information on the local coordination environment of La, Pr,
Nd, and Sm adsorbed on ferrihydrite and 3-MnO,. Prior to the measurement of samples,
the monochromator was calibrated to the first inflection point for each element using the
following standard compounds (diluted with boron nitride): LaCls (38.938 keV), PrCl;
(41.999 keV), Nd,O3 (43.578 keV), and SmCl; (46.856 keV). The K-edge EXAFS
spectra of standard materials and chloride solutions used in the adsorption experiments
were measured in transmission mode, whereas adsorbed samples were measured in
fluorescence mode using a 19-element Ge semiconductor detector. Each sample was
scanned several times to obtain the spectra with better statistics. Repeated EXAFS scans
were identical, showing that any X-ray-induced alteration of the samples was unlikely

in our experiments.

The EXAFS spectra were analyzed using REX2000 software (Rigaku Co. Ltd.)
with parameters generated by the FEFF 7.0 code (Zabinsky et al., 1995). In addition to
La, Pr, Nd, and Sm measured in this study, the EXAFS of the Ce’" and Ce/ferrihydrite
system measured in the Chapter 3 was reanalyzed here. After extracting the EXAFS
oscillations and its Fourier transform, the inversely Fourier-filtered data were analyzed
using a standard curve-fitting method. The theoretical phase shifts and amplitude
functions for the REE-O, REE-REE, REE-Fe, and REE-Mn shells employed in this
fitting procedure were extracted from FEFF 7.0 (Zabinsky et al., 1995). In the fitting
process, the threshold energy shifts of the first and second shells were constrained to be
the same. Finally, the processed EXAFS spectra in the whole k- and R-space ranges
employed in the fitting procedure were compared with the measured EXAFS spectra in

k- and R-space to confirm that the fits developed for the processed spectra also provided
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good matches to the measured spectra. The uncertainty estimates for the interatomic
distance and CN obtained from the fitting were + 0.02 A and + 20%, respectively
(O’Day et al., 1994). The quality of the fit was given by the goodness-of-fit parameter R
(R-factor), defined as

R= Z[xobs (k)— xcal(k)]z

(4-8)
Y[x,, (D)

where ¥obs(k) and xca(k) are the experimental and calculated absorption coefficients at a
given k, respectively. The multiple-scattering effect was initially included in the EXAFS
analyses in this study, but was found to make a very weak contribution to the EXAFS

spectra.

4.3 Results
4.3.1 Isotopic fractionation

Table 42 lists the Nd isotope ratios expressed as delta notation of both solid
and liquid samples after the adsorption experiments. The table gives both 5'*Nd and
8'**Nd, along with the initial weight in the adsorption experiment and adsorbed fraction
(Fad). The 8" Nd and 8'*°Nd values of the solid phase have positive values except for a
datum with the highest F,4, whereas all the values of the liquid phase are negative. This
means that the heavier Nd isotopes were enriched in the solid phase, resulting in the
liquid phase becoming enriched in lighter Nd isotopes. All the data fall on a straight line
in a plot of 8'*Nd vs. 5'*Nd as expected from the theoretical calculation of Eq. 4—6
(solid line; Fig. 4—1A), indicating that the measurements were performed well and no
mass-independent fractionation was observed. Given that the 8'*Nd and §'*°Nd values

8'**Nd data are discussed further. Figure 4—2 shows

have a clear correlation, only the
the isotopic fractionation of Nd during the adsorption experiment, along with F,q (Fig.
4-2A: adsorption on ferrihydrite; Fig. 4—2B: adsorption on 6-MnQO). In the figure, the
model lines for the equilibrium and Rayleigh fractionations are shown as solid and

dashed lines, respectively (Fig. 4—1). In calculating these model lines, the mean o q-so,
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which is the isotopic fractionation factor between the liquid and solid phases (Table

4-2), was calculated as

10° +8"°Nd,
10° + 8" Nd,

Opgso = (4-9)
The uncertainty in the mean ar4-s, (Table 4-2) is the deviation (206) of five oyq-s, values
measured at various Foq. The figure shows that both experimental systems are in accord

with the line of equilibrium isotopic fractionation.

Table 42 also lists 3'*’Sm and §"°*Sm of solid and liquid samples along with
the initial concentration and F,q. Similar to the case for Nd, heavier and lighter Sm
isotopes were enriched in the solid and liquid phases, respectively. The clear correlation
observed between 8'*Sm and 5'°°Sm (Fig. 4—1B) indicates that mass-independent
fractionation was not observed, and as such only 8'*’Sm is discussed further. Figures
4-2C and 4-2D show the isotopic fractionation of Sm during the adsorption experiment
along with F,q4 (Fig. 4-2C: adsorption on ferrihydrite; Fig. 4—2D: adsorption on
0-MnO,) and the model lines for the equilibrium and Rayleigh fractionations. As in the

case of the Nd system, the mean a1 4-s, is calculated as

10° +6"Sm

10° +8'"Smy,

Opgso = (4-10)
Similar to the case for the Nd system, the uncertainty in the mean o 4-s, (Table 4-2) is
the deviation (20) of five aiq-so values measured at various F,q. The figure shows that

the Sm system also follows the line of equilibrium isotopic fractionation.

4.3.2 EXAFS

In presenting EXAFS results, we include the results for La and Pr adsorbed on
ferrihydrite and 6-MnO, and Ce on ferrihydrite for comparison. The La K-edge EXAFS
spectra and radial structural function (RSF) obtained from the Fourier transform of the
spectra are shown in Fig. 4-3. The dashed lines show the fitting result, from which we

obtained the EXAFS parameters listed in Table 4—3. Assuming an oxygen atom in the
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first shell, the La—O bond lengths are approximately 2.56, 2.55, and 2.53 A for the La®"
solution, La on ferrihydrite, and La on 3-MnO, systems, respectively (Table 4-3).
However, as observed in the broader RSF of the La—O shell for La on ferrihydrite and
8-MnO, compared with La’* solution, the La—O shell actually consists of two La—O
shells. The pronounced dip at k = 6.5 (A™") not only requires a La—Fe/Mn shell but also
the negative amplitude of the La—O; and La—O, shell to obtain a better fit (Fig. 4-3A).
The existence of two inner O shells for La was also suggested by Ohta et al. (2009). The
La—O bond length is 2.56 A for the La’* solution, which is longer than the La—O; bonds
of the La/ferrihydrite (2.45 A) and the §-MnO, systems (2.46 A). The presence of
shorter bonds between La and the O atoms of the mineral surfaces is reasonable
considering that the total CN (= CN; + CN,) of the adsorbed species is smaller than the
CN for hydrated La*".

The results of the re-examination of Ce K-edge EXAFS spectra and the RSF of
the Ce’* solution and Ce/ferrihydrite system are presented in Table 4—3 and Fig. 4—4.
For comparison, the previous analysis assuming only one oxygen shell is also presented.
The k-space EXAFS spectra show that a better fit was obtained when assuming two
oxygen shells located at different distances (Fig. 4—4A), similar to that found for La. In
the previous examination of the Ce/ferrihydrite system, the R factor (Eq. 4-8) was
0.056% determined from the fitting in the range of R+AR = 1.47-2.42 A which covered
the first shell only (Chapter 3). Although the R factor itself was worse in the current
analysis, the factor was determined in the range of R+AR = 1.00-4.00 A. The
comparison in the k-space spectra clearly showed the improvement in the new fitting

(Fig. 4-4A).

The Pr K-edge EXAFS spectra and their Fourier transform magnitudes also
suggest two shells of oxygen atoms located at different distances; that is, distortion in
the first coordination sphere (Table 4-3; Fig. 4-5). Similar to the case for the La and
Ce/ferrihydrite systems, the Pr—O; bond of the adsorbed species was shorter than for
Pr’" in solution. The CN value of REE-O is correlated with the bond length (Shannon,
1976), which is consistent with the low CN value for the Pr/6-MnO; system (CN; + CN,
= 7.6£1.3) compared with that of the aqua complex (CN = 10.4+1.6).
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In contrast with the La, Ce(IlI), and Pr systems, distortions were not observed in
the first coordination sphere of Nd adsorbed on ferrihydrite or 6-MnO, (Table 4-3; Fig.
4-6). In the 5-MnO; system, the CN of the first coordination sphere is smaller than that
of Nd** solution beyond analytical uncertainty, whereas the CN is identical within the
analytical uncertainty for the ferrihydrite system. The Nd—O bond length is about 2.49,
2.48, and 2.46 A for the Nd*" solution, Nd adsorbed on ferrihydrite, and Nd adsorbed on

0-MnOQ; systems, respectively.

Distorted coordination spheres were also not observed for the Sm systems
(Table 4-3; Fig. 4-7). The Sm—O bond lengths in the ferrihydrite system and the Sm®"
solution are essentially identical (2.45 A), whereas the Sm—O bond length in the
5-MnO; system is 2.41 A, which is smaller than that of the aqua complex beyond the

range of analytical uncertainty.

A possible formation of a distorted first coordination sphere for Nd and Sm is
also examined (Table 4—3). Smaller R values were obtained by assuming two oxygen
shells at different distances, however, in contrast with the La and Pr systems, the CN
values for these systems differed by more than a factor of four (CN(REE-O,) /
CN(REE-O,) > 4.5). The large differences between the two CNs suggest that the
assumption of a distorted structure with two REE—O shells was not required to

accurately fit the Nd and Sm EXAFS.

4.4 Discussion
4.4.1 Isotopic fractionation between the liquid and solid phases

Similar to the case of Ce in the Chapter 3, the isotopic fractionation for the Nd
and Sm systems obeyed equilibrium fractionation. As for the degree of isotopic
fractionation, adsorption in the ferrihydrite system showed less fractionation than that in
the 6-MnO, system for Ce, Nd, and Sm. The most important result obtained in the Nd
and Sm measurements was the preferential partitioning of heavier isotopes into the solid
phases (Table 4-2, Fig. 4-2). This isotopic fractionation trend was different from that

of Ce where it was reported that (i) Ce was not oxidized during adsorption on
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ferrihydrite, whereas Ce adsorbed on 8-MnO; was oxidized to the tetravalent state, and
(i1) lighter isotope enrichment of the solid phase for Ce(Ill)/ferrihydrite may be
accompanied with formation of an outer-sphere complex. Although Schauble (2007)
suggested the possible enrichment of lighter Ce isotopes in reduced species during the
Ce’ — Ce*' reaction may be due to nuclear-volume isotope fractionation, the
Ce/ferrihydrite system was unaffected here by the oxidation reaction. A nuclear-volume
driven effect was also reported for Nd and Sm (Fujii et al., 1998; 2000), but the current
study shows that the 8'*Nd vs. 8'*°Nd and 8'*’Sm vs. '°Sm correlations are in accord
with a purely mass-dependent isotope effect (Figs. 4—1), meaning that nuclear-volume

driven fractionation was negligible in the experiments.

Figure 4—-8 summarizes orq-s, for the ferrihydrite and 8-MnO, systems with Ce,
Nd, and Sm. The general trend previously observed for cations in the literature, such as
Fe**, Cu®’, and Zn®", suggests that heavier isotopes should be distributed in the solid
phase during adsorption of REE®" on metal oxides (e.g., Cacaly et al., 2004; Icopini et
al., 2004; Clayton et al., 2005; Crosby et al., 2005; Pokrovsky et al., 2005; Balistrieri et
al., 2008). Thus, it was found that Nd and Sm systems follow the expected trend but Ce
does not. This isotopic fractionation contrasted with the Nd and Sm systems, indicating
that a systematic change in a physicochemical factor among REEs (especially between
Ce and Nd) is responsible for the different fractionations observed during the adsorption
reactions. Even though REEs have similar chemical properties in a trivalent state, the

direction of the isotopic fractionation can differ among light REEs (LREEs).

4.4.2 Coordination environment and isotopic fractionation

The most important rule governing stable isotopic fractionation is that the heavy
isotopes of an element are concentrated in species with stronger bonds when two
species with different bond lengths are in equilibrium (Bigeleisen and Mayer, 1947;
O’Neil, 1986; Criss, 1999; Schauble, 2004). Considering that the REEs have similar
chemical characteristics, the factors that control equilibrium isotopic fractionation may

be considered similar among all trivalent REEs. The REEs examined in this study are in
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a trivalent state (except for Ce on 6-MnQO,), which indicates that isotopic fractionation is
not caused by a redox change. In our results (Table 4—3), the CNs of REEs adsorbed on
0-MnO; were smaller than the CNs of the REE aqua ions, which is consistent with a
shorter REE—O bond length in the REE/6-MnO; system. The EXAFS spectra obtained
for the Sm systems did not show large oscillations, which makes it difficult to discuss
whether Sm forms an inner-sphere or outer-sphere complex. In the case of the Nd
systems, inner-sphere complexes formed for both Nd adsorbed on ferrihydrite and
0-MnO; (Fig. 4-6), though the Nd/6-MnO; system showed larger isotopic fractionation
than the Nd/ferrihydrite system. Although it was not clear for the ferrihydrite systems,
the smaller CN observed for the 5-MnO, systems and related shorter bond length was
reflected in an increase in the ratio of inner-sphere to outer-sphere complexes. The
increase of this ratio is consistent with the larger isotopic fractionation observed in the
0-MnO, systems. However, the precise determination of the CN, which is highly
correlated with the Debye—Waller factor, was difficult in the EXAFS analyses, thus
impeding discussion of the equilibrium isotopic fractionation of REEs based on the CN

alone.

Hereafter, we focus on the interatomic distances of the REE-O bonds
summarized in Fig. 4—-9A. It should be noted that the interatomic distances for adsorbed
La, Ce, and Pr are shown as weighted mean values based on CN; and CN; values. For
the REE®*" aqua ions and ferrihydrite systems, the interatomic distance decreased as the
atomic number increased, due to the lanthanide contraction. The lanthanide contraction
was also observed for the 3-MnQO; system except for Ce, which was oxidized to Ce(IV)
during adsorption on 8-MnO,. In Fig. 4-9B, the REE-O interatomic distances for the
ferrihydrite and 5-MnO, systems are normalized to those of the REE®" aqua ions. If this
ratio is less than 1, the REE-O bond length has shortened due to adsorption of the REE
on the Fe or Mn oxide surface. In the ferrihydrite system, the REE-O interatomic
distances were almost identical (within analytical uncertainty) to those of the REE®"
aqua ions for Nd and Sm. In the 3-MnO, system, however, the REE-O distances were
shorter than for the REE®" solutions beyond analytical uncertainty. The shorter bond

length indicates that REEs have stronger REE-O bonds during adsorption onto 6-MnO,,
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thereby favoring the preferential enrichment of heavy isotopes in the solid phase for
these elements, as was observed for Nd and Sm in our isotopic measurements (Table
4-2, Figs. 4-2 and 4-8). Therefore, we propose that the interatomic distance between
the REEs and the first coordinated atom (oxygen) is the main factor that affects the
equilibrium isotopic fractionation of Nd and Sm. The larger isotopic fractionation
observed for the 6-MnO, system compared with the ferrihydrite system is likely due to
the shorter REE—O bond lengths of REE adsorbed on 6-MnO,.

In the case of La, EXAFS analysis showed two oxygen shells in the first
coordination sphere for both the ferrihydrite and 6-MnO, systems (Table 4-3, Fig. 4-3).
A better fit was obtained by assuming two oxygen atoms at different distances in the
first coordination sphere, suggesting that the coordination structure is more distorted
than that of the La’" aqua ion. The distorted structures of adsorbed La and Pr species
found in this study and by Ohta et al. (2009) imply that the distortion is also expected to
be observed in the first coordination sphere of the Ce/ferrihydrite system, as identified
in this study. The enrichment of lighter isotopes (by ca. 0.15%o) in adsorbed Ce species
can be related to the distorted structure of Ce on ferrihydrite. Although we were unable
to resolve La isotope compositions at the required level of precision, the distortion seen
in the first coordination sphere of the La/ferrihydrite and La/6-MnO, systems suggests

that a light isotope enrichment is to be expected for La in the solid phase.

Isotopic fractionation caused by a distorted adsorbed structure has also been
reported for other elements. The formation of highly distorted bidendate complexes is
thought to explain the light isotopic composition of adsorbed trigonal boron
(Lemarchand et al., 2007). Juillot et al. (2008) found a smaller fractionation for
octahedral Zn adsorbed to goethite relative to the free Zn>" ion hydrated by six water
molecules. They suggested that the distortion of the octahedral environment of Zn when
sharing oxygens with Fe atoms may account for the small fractionation on goethite. A
similar case was also reported for Mo systems (Kashiwabara et al., 2011; Wasylenki et
al., 2011). These results are consistent with our observations for the isotopic

fractionation of Ce.
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Not only the species adsorbed on the solid phase but also the stability in the
liquid phase can cause the contrasting stable isotopic fractionation. Kawabe (1999b)
compared the standard Gibbs free energy changes of the nonahydrated REE relative to
isostructural REE(H,0)s™" species of REE®" from La’" to Gd’". The Gibbs free energy
changes were reported to be —7.16, —5.27, —4.09, —3.02, —0.67, —0.17, and —0.06 kJ/mol
for La3+, Ce3+, Pr3+, Nd3+, Sm3+, Eu3+, and Gd3+, respectively. These results indicate that
the hydrated state is extraordinarily stable in terms of both Gibbs free energy and
enthalpy for La’" and Ce’* compared to Nd’" and Sm®", which reflects stabilization by
the formation of stronger chemical bonds in the compounds. This effect is suggested to
be responsible for the much lower Ky, partition coefficient of REE between solid and
liquid phases, of La’" and Ce’* adsorption on ferrihydrite and 8-MnO, compared with
heavier REE®" (Kawabe et al., 1999a; Ohta and Kawabe, 2000). In other words, the
lower stability of the adsorbed species is due to the higher stability of the hydrated
species in the aqueous phase. The new results, which include a comparison among
REEs, suggest that the factors governing the lighter isotope enrichment of Ce (and
possibly La) on the solid phase are (i) the distorted structure of La*", Ce’", and Pr’*
adsorbed on the solid phases; and (ii) the higher stability of the hydrated species. We
suggest that these anomalies for La and Ce in terms of thermodynamic and structural
characteristics affect not only K4 but also the isotopic fractionation incurred during

adsorption.

4.4.3 Geochemical implications

The results of this study suggest that REE partitioning between solid and
aqueous phases can cause contrasting stable isotopic fractionation for Ce(III) vs. Nd and
Sm. The contrasting fractionation of Ce vs. Nd and Sm may not be seen in other
reactions such as magmatic processes without solid—water interactions, because the
fractionation should occur with the change of coordination environment of the REE
such as in an adsorption reaction. Adsorption reactions are important in the geochemical

behavior of REEs at the Earth’s surface, since REEs are readily adsorbed on various
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types of suspended matter and solid phases in rivers and seawater. In particular, our
findings on the contrasting fractionation between Ce vs. Nd and Sm isotopes during
adsorption on ferrihydrite and 6-MnO, can improve our understanding of REE behavior
when considering that ferromanganese deposits are the major sink for REEs in the
marine environment (e.g., Piper, 1974; Elderfield et al., 1981; Bau et al., 1996). In
addition, the stable hydrated states of Ce’" (and La’") can explain the preferential
adsorption of lighter isotopes on the solid phase. Hence, the difference in the direction
of the isotopic fractionations among LREEs is a new indicator of water—rock

interactions inherent in the formation of natural REE-bearing samples.

However, the isotopic fractionation factor obtained in this study may be subject
to change when a similar experiment is performed at higher pH depending on the
dominance of different soluble species such as REE carbonate complexes. In addition,
the possible occurrence of nuclear-volume isotope fractionation cannot be ignored in the
natural environment. For example, according to Bigeleisen and Mayer (1947), mass
dependent isotopic fractionation of TI should be about 1/15th to that of Fe. In contrast,
Rehkdmper et al. (2002) showed approximately 2%o fractionation for Tl isotopes
between seawater and hydrogenetic Fe—Mn crusts. Thus, while the work presented here
improves our knowledge of the processes behind systematic isotopic fractionation of
selected REEs during adsorption on two common mineral phases, further work is
required to elucidate the dominant mechanisms governing isotopic fraction of heavy

elements in the natural environment.

4.5 Conclusions

Adsorption experiments with Nd and Sm on ferrihydrite and 8-MnO, were
performed in this study to determine the factors governing equilibrium isotopic
fractionation among REEs. Heavier isotopes of Nd and Sm were found to be enriched in
the solid phase. EXAFS analyses showed that shortening of REE-O bonds during
adsorption was the governing factor responsible for equilibrium isotopic fractionation of

Nd and Sm. In contrast, the coordination structures of adsorbed La, Ce, and Pr were
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more distorted than those of their aqua ions. This comparison among the REEs enables
us to improve our understanding of the cause of such stable isotopic fractionation. The
distorted adsorbed structure and the stability of hydrated species leads to lighter-isotope
enrichment in the solid phase for Ce (and is also expected for La) adsorbed on
ferrihydrite. In-depth analysis of the coordination environment, revealed by EXAFS
analyses, was important to determining the mechanisms behind equilibrium isotopic
fractionation. It is possible that the systematic isotopic fractionation over the REE series
could be a new geochemical tool which can be used to study REE behavior during

water—rock interaction in natural systems.
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Table 4—1. Typical instrumental operation conditions.

RF frequencies 27.12 MHz
RF power 1.2 kW forward, <1 W reflection
Fassel-type torch Ar gas flow rates:

Nebulizer 1.14 L/min

Auxiliary 0.70 L/min

Cool 15.7 L/min
Nebulizer Glass Expansion Micromist
Spray chamber Dual synchronic/double Scott glass chamber (ambient temperature)
Sample uptake 100 pL/min (free aspiration)
Cones X-type skimmer cone
Ion energy 10000 V
Extraction 2000 V

Pressures during operation:
ESA 1.0-1.5 x 107 Pa (9 x 10°° Pa during standby)
Analyzer 4-9 x 10”7 Pa (4 x 10" Pa during standby)
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Table 4-2. Isotope ratio and fractionation factor for Nd and Sm during adsorption.

System Initial (mg) ¥ F,q? 81 (Lq)® 81 (S0)” 82 (Lq)Y 82(S0)”  argse” Average
Nd/ferrihydrite 0.05 0.86 —0.113  0.088  —0.156  0.147  0.999799

0.30 068 —0.079  0.102  —0.107  0.179  0.999819

1.00 032 —0.037 0.112  -0.030  0.181  0.999851

2.01 0.16 —0.029 0.126 —0.032  0.197  0.999845

321 0.08 —0.012  0.132  —0.028 0207 0.999855 0.999834 =+ 0.000048
Nd/6-MnO, 5.22 1.00  —0.466  0.001  —0.690 —0.001 0.999533

6.27 091 0395  0.064 —0588  0.105 0.999541

7.51 0.77 0320  0.089  —0.477  0.140  0.999590

8.69 069 —0250 0.112  -0367  0.190  0.999638

10.2 057 —0207  0.145 —0298 0231  0.999647 0.999590 + 0.000106
Sm/ferrihydrite 0.32 062 —0.103 0.123 —0227 0326 0.999774

0.64 049 —0.092  0.135 —0233 0324 0.999773

1.07 034 —0.061  0.143  —0.165 0327  0.999796

1.89 022 -0.036 0.157 —0.088 0391  0.999806

3.04 0.10 —0.018  0.162  —0.044 0393  0.999820 0.999794 + 0.000041
Sm/5-MnO, 5.44 1.00  —0.479  0.005 —1.195  0.005 0.999516

6.74 0.89 —0407  0.083  —0.999  0.155 0.999510

8.12 076 —0305  0.115  —0.740 0275  0.999580

9.34 0.66 —0244  0.151  —0.615 0345  0.999606

10.9 057 —0.186  0.143  —0471 0363  0.999671 0.999576 + 0.000134

1) Initial (mg) denotes initial amount of Nd

added into a 10 g of ultra-pure water.

and Sm in the adsorption experiments

2) F.q means the ratio of adsorbed fraction of REE to initial REE.
3) 81 and 82 correspond to (i) 8'Nd or 8'*Sm and (ii) 5'*Nd or 8"°*Sm values,

respectively.

4) The definition of a is given by Egs. 9 and 10 for Nd and Sm systems, respectively.
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Table 4-3. Fitting results of EXAFS spectra for La, Ce, Pr, Nd, and Sm.

System Shell CN R (A) o’ (A R (%)
La’" solution La—O 125+1.9 2.555+£0.012 0011 0.57?
La/ferrihydrite” ~ La—O 8.3+0.8 2.551+£0.019  0.010" 8937
La—Fe 3.9+0.5 3.513+£0.027  0.010" 10.17

La/ferrihydrite ” La—0O, 3.5+0.7 2.453 +£0.020 0.010
La—0, 43+0.8 2.548+0.026  0.010"  0.687
La—Fe 35+1.1 3.524+£0.030  0.010" 2267
La/6-MnO, La—O 59+0.5 2.527+0.016  0.009" 12.0?
La—Mn 3.0+0.8 3.506+0.019  0.010" 1577

La/d-MnO;? La—O, 4.1+0.7 2.459+0.023  0.009
La—0, 27+0.8 2.568+0.021  0.009° 1.017
La—Mn 3.0+ 1.0 3.528+0.019  0.010° 4257
Ce’” solution ¥ Ce-0O 8.6+1.3 2.521+£0.013  0.012  0.09”
Ce’" solution Ce—O 11.5+0.9 2.535+0.017  0.010  0.10”
Ce/ferrihydrite”  Ce—O 75+13 2.526+0.014  0.013  0.06”

Ce/ferrihydrite Ce—0, 4.7+£0.6 2.418 £0.022 0.011
Ce—0, 53+0.7 2.535+0.025  0.010° 1.577
Ce—Fe 0.8+0.3 3.531+£0.062  0.013  3.967
Pr*" solution Pr-O 104+ 1.6 2.500+0.013  0.009  0.55”
Pr/ferrihydrite”  Pr—O 8.4+1.5 2.472+0.013  0.0107 1047
Pr-Fe 1.1+£0.5 3497+0.028 0010 1337

Pr/ferrihydrite”  Pr—0, 44+0.5 2.353+0.027  0.010
Pr-0, 55+0.5 2.499+0.024  0.0100 2237
Pr-Fe 0.9+1.0 3479+0.047 0009 6167
Pr/d-MnO, Pr-O 6.8+0.5 2.431+0.012  0.010" 2617
Pr-Mn 20406 3.404+0.059  0.010° 6427

Pr/5-Mn0O,? Pr—0, 3.7+0.6 2.381+0.018  0.010
Pr-0, 3.9+0.8 2.481+0.049 00100 1.717
Pr-Mn 0.7+0.5 3.407+0.053  0.010° 4407
Nd’* solution Nd—O 10.0+ 1.5 2487+0.012  0.010 0367
Nd/ferrihydrite”  Nd-O 6.5+1.1 2484+0.013 0011 1.757
Nd-Fe 13+04 3.342+0.064  0.0107 2967
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Table 4-3. (continued)

System Shell CN R (A) o’ (A R (%)
Nd/ferrihydrite” ~ Nd-0O, 0.8+ 0.4 2279+0.043  0.010°
Nd—0, 7.1+0.6 2.494+0.007  0.010"  1.00?
Nd-Fe 1.4+0.6 3.356+0.024  0.010"  4.067
Nd/o-MnO, Nd-O 57+0.9 2.458+0.012  0.010 7.997
Nd—Mn 1.0+£0.4 3.359+0.068  0.010° 1187
Nd/o-MnO, ? Nd-0, 1.1+0.3 2211+0.022  0.010
Nd-0, 50+0.5 2.490+0.007  0.010" 1.16”
Nd-Mn 0.9+0.6 3.420+0.041 00107 6.187Y
Sm’* solution Sm—0 10.6+ 1.5 2.445+0.011  0.009 0797
Sm/ferrihydrite”  Sm—O 51+0.8 2.447+0.014  0.011  1.817
Sm-Fe 0.3+0.4 3.337+0.049  0.010 3.117
Sm/ferrihydrite”?  Sm—0, 0.1+12 2264+0.043  0.010°
Sm—0, 54+1.1 2.456+0.024  0.0107 0.80”
Sm—Fe 0.1+0.9 3.352+0.067 00107 2267
Sm/6-MnO, " Sm—-0 6.9+1.0 2413+0.014 0014  6.647
Sm—Mn 1.0+1.4 3.349+0.036  0.010° 8.807
Sm/6-MnO, ? Sm—0, 0.1+0.2 2.143+0.074  0.010
Sm—0, 4.7+0.4 2.418+0.007  0.010" 3.927
Sm-Mn  2.6+0.6 3373+0.015  0.0107 5557

Note: CN denotes the coordination number; R (A) denotes the distance from the center
atom; o is the Debye—Waller factor; R (%) is quality of fit (see Eq. 8).

Y Fitting results assuming one oxygen shell

% Fitting results assuming two oxygen shells

?) Fitting from 1.00 to 2.50 A in R+AR space

# Fitting from 1.00 to 4.00 A in R+AR space

> Fitting from 1.42 to 2.43 A in R+AR space

® Fitting results reported in Chapter 3

1 The parameter was fixed in the EXAFS fitting.
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Fig. 4-1. Relationship between (A) 5'*Nd and §'**Nd and (B) 5'*Sm and 5"*Sm.
Solid line suggests calculated relative isotopic fractionation line shown in the Eq. 4-6

and Eq. 4-7 in the sentence, respectively.
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Fig. 4-2. Isotope ratios of the liquid and solid phases and adsorbed fractions (F,q)

obtained during adsorption experiments in the following systems: (A) Nd on ferrihydrite,

(B) Nd on 6-MnO,, (C) Sm on ferrihydrite, (D) Sm on 6-MnO,. Open squares represent

the 8'*Nd and 5'*Sm values of the liquid phase, and closed squares represent the solid

phase. The error bar indicates the analytical uncertainty calculated from repeated

measurements of a standard solution. Solid lines correspond to a model of equilibrium

fractionation, while dashed lines correspond to Rayleigh fractionation.
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Fig. 4-3. (A) K’-weighted La K-edge EXAFS spectra of samples and reference material
(La’* solution). The contributions of each shell are shown for La/ferrihydrite and
0-MnO; systems. (B) Radial structure functions (RSFs) of the samples and reference
material (La’" solution). In both figures, the solid lines represent the measurement data,

and the dashed lines represent the fitting results.
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Fig. 4—4. (A) K’-weighted Ce K-edge EXAFS spectra with the contributions of each
shell and (B) RSF of the samples and reference material (Ce** solution). In both figures,
the superscript a) denotes the analysis performed in the Chapter 3. The solid and dashed

lines represent the measurement data and fitting results, respectively.
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Fig. 4-5. (A) K’-weighted Pr K-edge EXAFS spectra with the contributions of each
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dashed lines represent the measurement data and fitting results, respectively.
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dashed lines represent the measurement data and fitting results, respectively.
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Chapter 5

Abundances of rare earth elements in crude oils and their partitions in

warer

5.1 Chapter introduction

Rare earth element (REE) which is consisting of lanthanoid and yttrium show
similar chemical properties with each other, because the outermost electron orbits are
same. Ionic radius of lanthanoid gradually decreases from La’" to Lu’*, which causes
the slight increase of the ionic potential with increasing atomic number. Their chemical
similarities with slight difference induce systematic partition in various natural systems.
Consequently, relative abundances of REE, namely REE pattern, reflect chemical
processes occurring in various systems on the earth. These properties enables REE

pattern to be a useful effective geochemical tracer (Henderson, 1984).

Recently, Zhang et al. (2009) suggested that REE patterns of crude oils could
provide genetic information on the oils, while Akinlua et al. (2008) noted that REE
contents of oils are useful in the classification of oils. However, the existing quantum of
REE data of crude oil samples is still insufficient. Complete REE patterns are neither
reported by Akinlua et al. (2008) nor by Takeda and Arikawa (2005). Here REE
abundances measured in crude oils from the Xingiang Province, China are reported to

provide more data towards the building of a database on REE abundances of crude oils.

A correct interpretation of the chemical state of REE in crude oils is necessary to
ascertain genetic processes and provenances of the oils. Further it controls the shape of
REE patterns which depends on the REE partition of species between the aqueous and
the solid phases (Byrne and Kim, 1990; Takahashi et al., 2005; Yamamoto et al., 2010).
For example, complexation with carbonate ions induces a preferential distribution of
heavy-REE (HREE) into the aqueous phase (e.g., Byrne and Sholkovitz, 1996;
Johannesson et al., 1996). Thus, it is expected that REE distribution between crude oil
and water phase involves the information of REE species incorporated into the crude oil.

Consequently, REE abundances were measured in both crude oils and coexisting water.
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5.2 Samples and methods
5.2.1 Samples

Samples of crude oils along with their coexisting muddy water were collected
from the mud volcanoes along the southern margin of the Junggar Basin in Xinjiang
Uyghur Autonomous Region of China. The Xinjiang Province can be divided into two
sedimentary basins, the Junggar Basin in the north and the Tarim Basin, south of the
Tianshan Mountains. The Xinjiang Province is well known for its large oil deposits (e.g.,
Lee, 1985; Desheng, 1996), and several oil fields occur along the margin of these basins.
There are several active mud volcanoes along the south margin of the Junggar Basin (Fu
et al., 2007), erupting gas, oil, water and mud. Samples were collected from four sites
along the southern margin of the Junggar Basin (Fig. 5—1). Site 1 is located in an area
where many mud pies, flat mud extrusive feature, discharge mud and gas. Sites 2 and 3
are “twin” mud volcanoes which are located in a mountainous region, while site 4 is
situated near the Dushanzi refineries. Oil slick and crude oil were seen in all sites
studied here. Samples of muddy water were collected directly from the crater of mud
volcanoes, and were filtrated on site by 0.45 um membrane filters. After filtration,
samples were acidified to 2 wt.% nitric acid solution to prevent the precipitation of Fe
and REE. Samples of crude oils were centrifuged for 20 minutes at 2,000 rpm to

separate oil from water and mud.

Previous studies (e.g., Clayton et al., 1997) indicate that crude oil samples that
we collected in the Dushanzi area have relatively lower maturity with predominance of

saturated hydrocarbons relative to aromatics and non-hydrocarbons.

5.2.2 Analytical methods

To determine the molecular structure of sampled crude oils, nuclear magnetic
resonance (NMR) spectroscopy was conducted on carbon atom (>C NMR) for samples
from sites 2 and 4 using a JEOL ECA600 at the Natural Science Center for Basic
Research and Development (N-BAND), Hiroshima University. The NMR spectra for

other crude oils could not be obtained due to the low amount of collected samples.

111



CHNS analysis was not possible because the weight of the oil could not be correctly

measured due to the volatilization of volatile components.

The difficulty in measuring the concentrations of REE in crude oils lies in the
separation of REE from crude oils (Takeda and Arikawa, 2005; Akinlua et al., 2008). If
organic matter is not perfectly decomposed, the residual organic matter can have
harmful effects on the measurement of REE by inductively coupled plasma mass
spectrometry (ICP-MS); (i) introduction of organic matter into the ICP-MS leads to the
formation of carbon-containing ions such as C**, CO*" and ArC" (Lord, 1991); (ii) some
carbon-bearing materials can be deposited at the interface into the mass spectrometer of
the ICP-MS; (iii) high viscosity and boiling point of crude oils lower their atomization
efficiency. Thus, a complete decomposition of organic matter is necessary to determine
the concentration of REE in crude oils. In this study, about 0.1 g of weighed crude oil
was decomposed by heating (at ca. 180 °C) for a week in 68 wt.% HNOj; solution in a
Teflon vessel with a screw cap. After evaporation, the organic matter was thoroughly
digested using H>SO4 (at ca. 230 °C). The samples were evaporated again at 230 °C and
finally dissolved in 2 wt.% HNO3; and analyzed using an Agilent 7500 ICP-MS. In this
study, Y was also determined as well as the lanthanoids. The loss of REE during
decomposition, evaporation and redissolution processes is negligible as suggested by

results from rock samples treated in the same way (Takahashi et al., 2002a).

The REE concentrations in water samples were also determined by ICP-MS.
Since concentrations of some REE in groundwater are generally lower than ppt level,
REE were pre-concentrated using a column (diameter 1.0 cm, length: 10 cm) loaded
with a cation exchange resin AG50W-X8 (Takahashi et al., 2002a). About 250 mL of
weighed sample was introduced into the column. Major cations were eluted by 2 M HCI
solutions and REE were eluted by 40 mL of 6 M HCI solution. The eluted solution
containing REE was evaporated and redissolved by 2 wt.% HNOj solution, which was
used for the REE determination by ICP-MS. In addition, total organic carbon (TOC) in
water samples was determined using a TOC analyzer (TOC-Vcsp; Shimazu).
Abundance of iron (Fe) in water samples was determined using an ICP-atomic emission

spectrometry (ICP-AES; SII Nano Technology).
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5.3 Results

The °C NMR spectra of two samples (sites 2 and 4) show several peaks from 10
to 60 ppm, around 77 ppm and from 120 to 150 ppm. These peaks, often observed in
crude oils (Hasan et al., 1983; Sharma et al., 2008) can be ascribed to the presence of
functional groups of aliphatic carbons (0-70 ppm), formyl groups (77 ppm) and
aromatic carbons (110-160 ppm), respectively (Fig. 5—2). In addition, we observed
peaks at 145 ppm for crude oil samples collected at sites 2 and 4, which suggest the
presence of phenol groups (Thorn et al., 1989). A peak at 191 ppm observed in a crude

oil sample from site 2 is due to the presence of a carboxyl group.

The REE concentrations in crude oil samples have been normalized to a CI
chondrite (Anders and Grevess, 1989; Table 5—1, Fig. 5-3A). Light-REE (LREE)
enrichment is observed in all the REE patterns of crude oils. Flat heavy-REE (HREE)
patterns are observed for oil samples collected from sites 1, 2 and 3, while
HREE-depleted pattern is observed for that collected from site 4. The former three
samples from sites 1 to 3 have convex patterns in the Gd-Tb-Dy-Ho span, i.e., M-type
effect shown in the third tetrad (Masuda et al., 1987). The concentrations of REE
collected from site 3 are the highest among all collected crude oils, while site 1 has the
lowest REE concentrations. Although the concentrations of REE have wide variations
among each site, such a variation can be caused by different abundances of functional
groups in crude oils (Zhang et al., 2009). All the crude oil samples showed negative Eu

anomalies, whereas no distinct Ce anomalies were found.

The concentrations of REE in coexisting water were also determined and have
been normalized to the CI chondrite (Anders and Grevess, 1989; Table 5-2, Fig. 5-3B).
The chondrite-normalized REE pattern for water sample of site 1 is enriched in LREE,
while that for water collected at site 2 shows a V-shaped pattern (Fig. 5-3B). Both REE
patterns have distinct positive Eu and small positive Ce anomalies, respectively. The
results of XRD analysis of mud samples showed that the mud contained feldspars. Thus,
the positive Eu anomalies shown in the REE patterns can be induced by the dissolution

of anorthite (Byrne and Sholkovitz, 1996), while the positive Ce anomalies can be
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related to the formation of Ce(IV)-carbonate species in alkaline water with a high
carbonate content (Mdller and Bau, 1993). Actually, according to the classification of
the “true Ce anomaly” suggested by Bau and Dulski (1996), water sample collected at
site 1 exhibits positive Ce anomaly. On the other hand, water sample collected at site 2
shows negative La anomaly, suggesting the presence of M-type tetrad effect as seen in
the upward concave curve in the La-Ce-Pr-Nd span in the REE patterns (e.g., Bau,
1996; Takahashi et al., 2002a). The REE concentrations in mud and surface soil samples
have been normalized to the CI chondrite (Anders and Grevess, 1989; Table 53, Fig.
5-3C). All samples are rich in LREE, typical for sedimentary rocks, with negative Eu
anomalies with Eu/Eu* varying from 0.47 to 0.68.

5.4 Discussion
5.4.1 Comparison of REE abundances in crude oils with previous reports

Previous reports on REE abundances in crude oils (Takeda and Arikawa, 2005;
Akinlua et al., 2008) mostly provided patterns of LREE, but not the complete REE
patterns. Total REE abundances reported by Akinlua et al. (2008) and Takeda and
Arikawa (2005) are less than 3 ng/g. Recently, Zhang et al. (2009) reported REE
patterns for crude oils, which show a zigzag structure with enrichments of Nd, Eu, Tb,
Ho, Tm and Lu in all their crude oil samples except one. They suggested that the
enrichment of MREE with an even number of “f” electrons and the enrichment of
HREE in crude oils result from higher stability constants of organic complexes with
these elements. However, such zigzag REE patterns can be an analytical artifact,
because the odd numbered REE generally occur in lower concentrations, often well
below the detection limit of available instruments. Our report of complete REE patterns
of crude oils is thus important, since resolution of the fine structure of REE patterns
allows us to estimate the REE species in the samples. Total REE abundances of the
crude oil samples showing zigzag patterns in Zhang et al. (2009) are less than 30 mg/g,
while the sample with smooth pattern contains more than 140 mg/g (Zhang et al., 2009).

Compared with the Zhang (2009) data, our crude oil samples have higher REE
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abundances (except for Y), ca. 160, 1500, 5360, 2050 mg/g for sites 1, 2, 3 and 4,

respectively (Table 5—1).

5.4.2 REE complexes in crude oils

It must be noted that concentrations of REE in crude oils are much larger than
those in water. The preferential REE partitioning into the crude oil rather than water
suggests that REE form neutral species and complexes with organic matter in the oil
phase, because crude oil is hydrophobic and REE have high ionic properties. °C NMR
spectra of crude oils collected from the sites 2 and 4 demonstrate the presence of
aliphatic carbons, formyl group, aromatic carbons and phenol groups. Furthermore, the
crude oil collected from site 2 shows a peak at 191 ppm, which indicates the presence of
carboxyl group (Fig. 5-2). The phenol and carboxyl groups can act as binding sites for
metal cations, similarly to metal complexation in humic substances (Tipping, 2002).
Thus, it is suggested that the large partition of REE into crude oil relative to water can

be caused by the formation of complexes with these ligands occurring in crude oils.

The evidence that REE form complexes with ligands in the oils is supported by
the M-type tetrad in the Gd-Tb-Dy-Ho span observed for some of our oil samples. It has
been often reported that M-type tetrad is observed in complex formation of REE with
ligands such as found in the complexation with extractant in organic phases in
liquid-liquid extraction system (Peppard et al., 1969; Yaita and Tachimori, 1996;
Yamamoto et al., 2010). In addition, the differences observed in the REE patterns
between crude oils collected from sites 2 and 4 could be due to the presence of different

REE complexes they are bound to.

5.4.3 Partition coefficients of REE between crude oil and water

REE partition coefficients between crude oil and water were calculated for
samples from sites 1 and 2, where both phases were collected. Partition coefficient

patterns show that the coefficients for the samples collected from site 2 are higher than
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those of the samples collected from site 1 by more than an order of magnitude, with
negative Eu anomalies presented in both patterns (Fig. 5—4). If REE in both phases were
in equilibrium, the degree of Eu anomalies would be expected to be similar between oil
and water phases, which obviously is not the case. Our results suggest that although the
two phases are in contact, the REE partition between oil and water is not at equilibrium.
The strong binding of REE in the oil phase perhaps inhibits the redistribution of REE
into the water phase. This might also explain the large discrepancy of the partition

coefficients calculated in samples collected from sites 1 and 2.

To evaluate the complexation of REE in the oil phase, it is better to obtain
partition of REE in the oil phase relative to free REE ions in water. The partition
coefficient of REE in the oils phase to free ions in the aqueous phase can be directly
compared with the stability constants () of REE with known ligands (= L*") formulated
for free REE ions (= Ln’") as Breer = [Ln-LY?7)/([Ln*"][L“]). A speciation
calculation using the Windermere Humic Aqueous Model (WHAM; Tipping, 1994) was
conducted to determine the free REE ions in our water samples. Intrinsic stability
constant (log Kya) values of REE and humic complexes were obtained from Yamamoto
et al. (2010). We assumed that humic acid constitutes 50% of the total organic carbon
and that all iron dissolved in the water is bound to humic acid as Fe(IIl) (Herbert and
Bertsch, 1995; Yamamoto et al., 2009). Based on the concentrations of free REE ions,
we reevaluated the partition coefficient of REE into oil phase normalized by free REE
ions in the water. A relatively high pH and a large content of carbonate ions in the water
samples (Table 5—2) can lead to lower fractions of free REE ions for the heavier REE.
Although a complete equilibrium of REE between oil and water phases may not be
attained, the REE partition coefficients to free REE ions in water phase clearly show
enrichments for Sm and Lu (Fig. 5—-5). Such a trend is known for the stability constants
of REE with carboxylic acids (Smith and Martell, 1987), which were detected in our
crude oil samples by >C NMR spectra. It is most likely that the complexation of REE
with these ligands induces larger partitions of REE into crude oils relative to the water

phase.
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5.4.4 Origin of REE in crude oil

The REE patterns of the crude oils were compared with those of coexisting mud
(Table 5-3; Fig. 5—6). Samples of crude oils collected from sites 1, 2 and 3 show flat
mud-normalized REE patterns, while the crude oil collected from site 4 shows an
HREE-depleted pattern. The flat patterns suggest that REE in crude oils principally
inherit those in coexisting mud which originates from surrounding sedimentary rocks.
The HREE depletion observed at sample collected from site 4 in Fig. 5—6 can be due to
the lower abundances of HREE in crude oil itself shown in Fig. 5-3A, since REE
patterns of mud samples erupted from mud volcanoes were very similar among all sites
(Table 5-3). The absence of carboxyl groups, as discussed above, can cause the
depletion of HREE in the oil samples. Thus, we speculate that REE in crude oil sample

collected from site 4 is also derived originally from sediments.

Difference of Y/Ho ratio shown in Fig. 5—6 can be caused by the difference of
their source reservoirs, in particular REE abundances in water contacted with oil in each
reservoir. Although the Y/Ho ratios of mud samples are almost the same in a range from
20.1 to 25.4 (Fig. 5—3C), the ratio varies greatly among water samples with the ratio of
25.6 for site 1 while 40.5 for site 2 (Fig. 5-3B). Water-rock interactions can induce the
increase of Y/Ho ratio in water relative to the original rock source to various extents
depending on the degree of water-rock interaction (Bau, 1996; Takahashi et al., 2002a).
Since REE abundances in water primarily affect REE abundances in oils, the Y/Ho ratio
in oil can be variable depending on the ratio in water in each system. In addition,
water-rock interaction causes positive Eu anomalies in water samples, which in turn
induces positive Eu anomaly in the oil normalized to mud as shown in Fig. 5-6. The
degree of Eu anomaly is also dependent on the water-rock interaction in each system.
Thus, both Y/Ho ratio and degree of Eu anomaly are variable among different samples

(Fig. 5-6).

The cerium anomaly, which is often observed in plants (Fu et al., 1998) or in
marine organic matters (e.g., Fleet, 1984), is absent in our crude oil samples. If REE in

crude oils are originated from the precursors of oils such as the plants and the marine
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organic matters, it is most likely that REE patterns of the crude oils have Ce anomalies,
which is obviously not the case in our samples. This implies that REE in our crude oil
samples are originated from those in surrounding rocks during diagenetic processes

associated to the maturation of the crude oils.

5.5 Conclusions

The study of REE abundance patterns in crude oils and coexisting water and

mud samples from the Xingiang Province, China, brought to the following conclusions:
(1) REE in crude oils derived from thier source rocks and sediments;

(2) REE in crude oils mainly form carboxylate and phenolate complexes, which induce

a larger partition of REE into the crude oil relative to the coexisting water phase.

Due to a lack of reported data of REE in crude oils, the present study can
constitute a preliminary database which may contribute to understand the genetic

processes of maturation of hydrocarbons.
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Table 5—1. REE concentrations (ng/g) in crude oil samples.

Element Site 1 Site 2 Site 3 Site 4
Y 22.8 337 1350 242
La 33.6 288 861 386
Ce 66.6 662 2150 843
Pr 7.91 59 278 102
Nd 30.1 233 1140 397
Sm 6.52 47.2 182 84.4
Eu 1.55 11.2 38.2 16.7
Gd 5.70 44 4 166 74.6
Tb 1.01 8.1 324 12.0
Dy 5.31 48.0 187 62.2
Ho 1.08 10.1 39.2 11.0
Er 3.23 32.8 125 29.3
Tm 0.446 4.74 17.9 3.45
Yb 2.98 32.4 124 21.0
Lu 0.437 4.93 18.4 2.77
>REE 189 1820 6710 2290
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Table 5-2. REE concentrations (ng/L), pH, alkalinity (mM), calculated COs*

concentrations (mM), TOC (mg/L) and concentration of iron (mg/L) in water samples.

Element  Site 1 Site 2
Y 90.7 44.5
La 126 5.61
Ce 299 14.1
Pr 27.2 1.53
Nd 110 6.17
Sm 253 1.47
Eu 17.9 1.52
Gd 23.2 2.26
Tb 3.73 0.511
Dy 18.6 4.03
Ho 3.54 1.10
Er 10.2 3.74
Tm 1.35 0.630
Yb 9.31 4.39
Lu 1.35 0.790
>REE 767 923
pH 8.40 7.35
Alkalinity 71 53
COs™ 70 48
TOC 7.20 6.54
Fe 4.52 3.85
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Table 5—-3. REE abundances (mg/kg) of mud and rocks determined using ICP-MS.

Element Rock Mud Rock Mud Mud Rock Mud

(i)  Sitel (i)  Site2  Site3 (i)  Site 4

Y 23.6 19.0 28.7 29.2 30.1 21.2 19.4
La 30.5 22.6 29.5 31.0 31.3 26.7 21.4
Ce 75.7 53.1 75.4 82.5 78.2 57.8 43.3
Pr 8.00 5.80 7.91 8.50 8.07 6.11 5.15
Nd 34.1 24.4 343 37.2 35.2 25.9 19.5
Sm 7.03 5.07 7.41 7.98 7.52 5.48 4.03
Eu 1.36 1.00 1.62 1.66 1.55 .10 0.583
Gd 6.55 4.91 7.17 7.67 7.40 5.33 3.60
Tb .03 0.769 1.15 1.22 1.16  0.847  0.646
Dy 5.93 435 6.84 7.10 6.76  4.98 3.63
Ho 1.18  0.869 1.40 1.45 1.36 1.00  0.764
Er 3.50 2.60 422 435 4.10 3.02 2.21
Tm 0.508 0373  0.606 0.628  0.576 0421  0.331
Yb 3.34 2.51 409 420 3.93 2.87 2.11
Lu 0.503 0378  0.618  0.634  0.604 0429  0.326
Ce/Ce* 1.16 1.11 1.18 1.22 1.18 1.09 0.99
Ew/Eu* 0.61 0.61 0.68 0.64 0.63 0.62 0.47
YREE 203 148 211 225 218 163 127

Ce/Ce* = Cecn /4/Lacy x Preny, EWEu* = Euen /4/Smey X Gdey where CN means

chondrite normalized values.

Note that rock (i) is a sedimentary rock sample collected around mud volcanoes locate

site 1, rock (ii) is collected around sites 2 and 3, and rock (iii) is collected around site 4.
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Fig. 5—1. Schematic map of sampling locations. Map A depicts entire China and the
dashed line represents the border of Xinjiang Uyghur Autonomous Region. Map B
depicts three quarters of Xinjiang and the dashed lines represent Tianshan Mountains.
Location of a star marked on map B is enlarged to map C. Site 4 is situated near

Dushanzi District.

122



100 8.3

Site 2

Relative intensity (%)
w

:, _ ‘ _l | Jﬂw M —

200 150 100 50 0
ppm

28 100
67 N\ 35 42

-
(32

Site 4

-
(=)
I
1

(34
1
|

@M“Ll I MMUL

200 150 100 50 0
ppm

Relative intensity (%)

o

Fig. 5-2. >C NMR spectra of crude oil samples at sites 2 and 4. The numbers at the top
of the figures indicate the relative intensities of the peaks presently out of range of the

figures.

123



101-|||||||||||||II: 10 —T—T—TT T T T T T T T T T T
—O—Site 1 | '
—{1— Site 2 I —O— Site 1
—0—Site 3| I .
. H F —{+Site 2
——Site 4 |
o 10°¢ E
@ 1 10
3 2
CE?- [=%
o A g
» 10} E (/2] O
10°r ;
-2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 - 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
LaCe PrNdPmSmEuGdTb DyHoYErTmYb Lu LaCe PrNdPmSmEuGdTb DyHoYErTmYb Lu

102

Samples / Cl

10"k ]

LaCe PrNdPmSmEuGdTb Dy H¢)YErTmYb Lu

Fig. 5-3. Chondrite-normalized REE patterns of (a) crude oil, (b) water and (c¢) mud
samples collected at mud volcanoes in Xinjiang Province, China. REE concentrations of

CI chondrite are taken from Anders and Grevesse (1989).

124



1055 ! ! ! ! ! ! ! ! ! !

-_—
o
N
TTTT

Crude oil /| Water
=

1 | | | | | | | | | |

—O— Site 1

i O ]
1025-

— - Site 2

LaCe PrNdPMSmMmEuGdTb Dy HoYErTmYb Lu

Fig. 5—4. Partition coefficients between crude oil and water.

125



1014: | | | | | | | | | | | | | | |
7
c
o
w -
10"°F
1 - o
)
1)
S
LL
—
6 1012 —
(¢b] C
g
| —O— Site 1
O — 1+ Site 2

1011 | | | | | | | | | | | | | | |

LaCe PrNdPMSmMEuGdTb DyHo ErTmYb Lu
Y

Fig. 5-5. Partition coefficients between crude oil and free REE ions in water.

126



Crude oil / Mud

107

102 |

103

—O—Site1 —<—Site 3

—1HSite2 —4&—Site4

LaCe PrNdPmMSmMEuGdTb DyHo ErTmYb Lu
Y

Fig. 5-6. Coexisting mud-normalized REE patterns of crude oils.

127




Chapter 6

The behavior of REE during the maturation process of organic matter

6.1 Chapter introduction

Retention of the same outer electron orbits, 6s, makes rare earth elements
(REEs) similar chemical properties one another. Together with the lanthanoid
contraction, their chemical similarities induce systematic partition in various natural
systems, which have led to the that the relative abundances of REE, namely REE
pattern, reflect chemical processes occurring in various systems on the earth (e.g.,
Henderson, 1984; Taylor and McLennan, 1988). These characteristics enables REE
pattern to be an effective geochemical tracer in several systems. In particular, unique
characteristics shown in REE pattern, namely Ce and Eu anomalies, Y/Ho ratios, and
M- and W-type tetrad effect, enable to discuss REE behavior in two systems contacting
one another such as low and high temperature water-rock interactions (e.g., Bau et al.,
1998; Klinkhammer et al., 1983; Michard et al., 1983; Takahashi et al., 2002a). Despite
its great applicability in the field of inorganic geochemistry, REE studies in organic

geochemistry have been poor.

It has been suggested that the REE contents of oils are useful in the oil
classification and the REE patterns of crude oils can provide genetic information on the
oils (Akinlua et al., 2008; Zhang et al., 2009). Although these studies suggested the
possible application of REE in organic geochemistry, the accurate determination of
REE including yttrium (Y) has not been achieved in these studies. The first report on
the entire range of REE concentration with smooth CI-normalized pattern showed that
the REE concentrations in crude oils are larger than those in coexisting water by a factor
of more than one hundred (Chapter 5). The result showing high affinity between REE
and crude oils appears to be unusual if the ionic characteristics of REE and the
hydrophobicity of oil are taken into account. However, it was found that phenol and
carboxyl groups forming complexes with REE presented in the oils, which induces a

larger partition of REE into the crude oil relative to the coexisting water phase.
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Considering the genetic process of oils, the finding of carboxylate complex in oil could
be rare because the kerogen decarboxylation reaction should occur during the
maturation process. In this Chapter, therefore, the REE behavior during the maturation
process is examined by measuring REE concentration in various oil samples and
performing a laboratory experiment simulating the release of REE from organic phase

during the oil maturation.

6.2 Samples and methods
6.2.1 Crude oil samples

Crude oil samples were collected from Sagara, Nagaoka-Higashiyama, Biratori,
Yurihara, and Sarukawa oil fields in Japan (Fig. 6-1). The Sagara oil field located in the
southern part of Shizuoka Prefecture is the only oil field on the Pacific Ocean side of
Japan. This region is composed of conglomerate, sandstone, mudstone, and limestone,
which are considered to be fore-arc basin sediments on the Nankai accretionary prism
(Tsuchi, 1961; Ujiie, 1962). The oil collected from Sagara is unique in terms of its

lighter specific gravity compared to the ordinary oils (Kato, 1992).

Nagaoka-Higashiyama oil field is located in the Niigata Prefecture. In Niigata
Basin, commercial oil and gas accumulations are hosted in clastic and volcanic
reservoirs such as, tuffaceous mudstones and rhyolite, while Miocene siliceous
mudstones seem to be the main source rocks with predominant Type II kerogen
(Waseda and Iwano, 2008; Kato et al., 2009; Tomaru et al., 2009). Na-Cl-type
geopressured fossil formation waters, related to the hydrocarbon reservoirs, are source
of numerous hot springs in the basin (Xu et al., 2006). The geology of the area is mainly

composed of sandstone, mudstone, and siltstone (Kobayashi et al., 1991).

Biratori oil field locates about 30 km east from Tomakomai city, Hokkaido.
Crude oil is produced from Furuoi layer and is originated from terrigenous organic
matters (Fujioka and Saga, 1980; Masatani, 1980). Oils collected from three different
wells (SK-1, SK-2, and SK-5) were used in this study.
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Yurihara and Sarukawa oil fields are located in the Akita Prefecture. The
Cenozoic sediments in Akita are one of the major oil-producing basins in Japan. The
basin is composed of Monzen (Oligocene), Daijima (Oligocene—Miocene),
Nishikurosawa (Oligocene—Miocene), Onnagawa (Miocene), Funakawa (Miocene—
Pliocene), Tentokuji (Pliocene—Pleistocene), Sasaoka (Pleistocene), and Karanishi
(Pleistocene) Formations (Ozawa and Suda, 1980). Oil samples collected from five
different wells (SK-9S, SK-12, SK-15, SK-17HD, and SK-18) in Yurihara oil field
hosted by Nishikurosawa Formation mainly composed by basaltic lava were used. In
addition, oils from five different wells (SK-67, SK-68, SK-75, SK-80, and SK-81) were

collected in Sarukawa oil field mainly composed of Onnagawa Formation.

6.2.2 Analytical method

Functional groups contained in oil samples were determined by a nuclear
magnetic resonance (NMR) spectroscopy on carbon atom (?C-NMR) using a JEOL
ECAG600 at the Natural Science Center for Basic Research and Development (N-BARD),
Hiroshima University. 0.2 ml of oil sample and 0.4 ml of deuterated chloroform solvent
(D, 99.8%) containing 0.05% tetramethylsilane (Cambridge Isotope Laboratories, Inc.)
which serves as an internal standard were placed in a NMR tube (¢ 4.950x178 mm)
with 2 mg Fe(acac); as a relaxation agent (after Hasan et al., 1983). Operating

frequency was 150.913 MHz. Each scan required 2.7 s and repeated 12,000 times.

The difficulty in measuring the concentrations of metal elements including REE
in crude oils lies in the separation of REE from crude oils. Complete decomposition of
organic compounds is required in the measurements of REE using an inductively
coupled plasma mass spectrometry (ICP-MS), because the organic matter can induce a
harmful effect on the measurement (Lord, 1991; Akinlua et al., 2008); (i) introduction
of organic matter into the ICP-MS leads to the formation of carbon-containing ions such
as C2+, C02+, and ArC"; (i) some carbon-bearing materials can be deposited at the
interface into the mass spectrometer of the ICP-MS; (iii) high viscosity and boiling

point of crude oils lower their atomization efficiency. These problems prevent the
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accurate and precise determination of REE concentration using ICP-MS, meaning that
the complete decomposition of organic matter is necessary to determine the
concentration of REE in crude oils. In this study, about 0.5 g of crude oil was placed
into a Teflon vessel and decomposed by heating at 180 °C in a 68 wt.% HNOj solution.
After evaporation, the residue was thoroughly digested using a 1:1 mixture of 35 wt.%
H,0; and the HNOj solution. Further digestion was performed using a 1:2 mixture of 70
wt.% HCIO4 and the HNOj solution. All the solutions used to decompose the samples
were ultra-pure grade (TAMAPURE-AA-100; Tama Chemicals Co., Ltd.). The samples
were evaporated again and finally dissolved in 2 wt.% HNOs; and analyzed using an
Agilent 7700 ICP-MS. Indium (In) and Bismuth (Bi) were added to the sample solution
before the measurements at a concentration of 1 pg/L as internal standards. The
precision of the ICP-MS measurement was better than 1.1% for all the REEs as
calculated from repeated measurements. Repeated decomposition of oil samples showed
identical REE concentrations within the analytical uncertainty, suggesting loss of REE

during decomposition, evaporation, and re-dissolution processes is negligible.

6.2.3 REE distribution experiment

About 0.1 g humic acid (Aldrich) was dissolved with 100 g ultrapure water
(hereafter, humic solution). Seven grams humic solution was placed into a Teflon vessel
with 1 g REE solution (Spex Certiprep., USA) containing all REEs except for Pm at a
concentration of 10.0 mg/L of each. The pH of the REE-doped humic solution was
adjusted to 6.0 using a diluted solution of NaOH or HCI to prevent precipitation of
humic acid and shaken for 24 hours. Then, 0.1 g of powdered slate (JSI-1) was placed
into the bottle. Because slate, originally derived from fine grained mudstone or shale,
contains clays after low-grade regional metamorphism, it is suitable to simulate the
reactions occurring in the oil reservoir. One fraction was shaken at 25 °C for 72 h and
the other fraction was heated at 40, 60, 80, 100, 120, 140, and160 °C for 72 h. At the
end of the experimental period, the slate was separated using a mixed cellulose filter

(0.45 um; ADVANTEC). The filtrated slate was finally dissolved in 0.5 M HCI solution
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following a digestion in a mixture of HF, HClO4, and HNO; solutions. Then
purification of REE was performed by cation column chemistry. Major cations such as
Fe were eluted by 2.0 M HCI solution, while 2.0 M HNOj; solution was used to elute
Mn and Ba. Almost 100% of REE was recovered by passing the 6.0 M HCI solution.
The eluted REE solution was dried and finally dissolved by 2 wt.% HNO; solution for
the determination of the concentrations of REEs using the ICP-MS (Agilent 7700).
Similar to the REE measurement for oil samples, In and Bi were added at a
concentration of 1 pg/L to serve as internal standards. The accuracy and precision of the
measurement were better than 1% for all the REEs. The amount of REE distributed
from the REE doped humic solution was then calculated. The experiment was repeated
three times. In addition, blank experiment, namely REE adsorption on slate (without
containing humic solution), was also performed. The REE distribution ratio is given by

the following equation:
Distribution ratio (%) = (REEeas. — REEpi )/ REEy;. , (6-1)

where subscripts meas., blk., and ini. respectively denote measured REE concentration,
blank REE concentration (REE adsorbed on slate without humic solution), and initial

REE concentration in the humic solution.

In this experiment, the amount of carboxyl groups in humic acid was determined
by titration following a methodology described by Schnitzer (1972) and Tsutsuki and
Kuwatsuka (1978). The humic solutions before and after heating were respectively
placed into a conical flask with 50 mL ultrapure water and 10 mL of 1 M calcium
acetate solution and shaken for 16 h at 25 °C. After the experimental period, the reaction
solution was filtrated by a paper filter (ADVANTEC No.6) and precipitates on the filter
were washed by ultrapure water. The filtrate was titrated until the solution became
slightly red-colored using a 0.1 M NaOH solution with a phenolphthalein as an
indicator. A blank experiment without containing humic solution was also performed.

The amount of carboxyl groups (mol/kg) was calculated as follows;
0.1 x (Tfs — Tblank) X f/ Afa (6—2)

where Tg and Tyank denotes titration amounts (mL) of humic solution and blank,
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respectively. The correction factor of the NaOH solution is described as f, whereas A,

means the amount of humic acid used to prepare humic solution (mg).

6.3 Results

The C-NMR spectra of oil samples show several peaks from 10 to 60 ppm and
around 77 ppm (Fig. 6-2). These peaks, often observed in crude oils can be ascribed to
the presence of functional groups of aliphatic carbons (0—70 ppm) and formyl groups
(77 ppm) (Hasan et al., 1983; Sharma et al., 2008). The spectra from 110-160 ppm show
several peaks, suggesting the existence of aromatic series and phenolic groups (Hasan et
al., 1983; Thorn et al., 1989), which can be act as a complex forming site for REE.
However, any peaks were not observed from 160-200 ppm, suggesting that oils

examined here do not contain the carboxyl groups (Fig. 6-3).

The total REE concentration of crude oils collected from Sagara,
Nagaoka-Higashiyama, Biratori, Yurihara, and Sarukawa oil fields in Japan are less
than 10 pg/g. In particular, for most of the samples, the total REE concentration are less
than 2 pg/g, which are more than three orders of magnitude lower than those collected
from Xinjiang province (Chapter 5) (Table 6-1). The oils present similar REE patterns
with each other when normalized to CI chondrite (Anders and Grevesse, 1989) (Fig. 6—
4). The oil samples are enriched in light-REE (LREE) and flat or slightly enriched in
heavy-REE (HREE). Especially in the HREE region, patterns show W-type tetrad effect,
a downward concave curve in Gd-Tb-Dy-Ho and Er-Tm-Yb-Lu spans, which is often
observed in water phase during the water-rock interaction (Masuda and Ikeuchi, 1979).
The Ce anomaly, which is often observed in plants or in marine organic matters (Fleet,
1984; Fu et al., 1998), is observed in most of the oils, suggesting that REE in oils can be

originated from the precursors of oils.

Table 6-2 lists the distribution ratios of REE from humic solution to solid phase.
The amount of REE released to the solid phase became larger with increasing
experimental temperature. For all the experimental conditions, the light-REEs (LREE)
distributed to the solid phase were smaller than the heavy-REEs (HREE). In addition, Y
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released to the slate was smaller than Ho (Fig. 6-5).

6.4 Discussion
6.4.1 Behavior of REE during maturation

Considering the maturation process to form crude oil, the precursor of oil is a
kerogen which is produced from humic substances such as humic and fulvic acids. The
humic substances have a lot of capacities to adsorb REE because they have the carboxyl
and phenol groups (Yamamoto et al., 2010). However, the kerogen decarboxylation
reaction occurs during the oil-generating process, leading to the decomposition of
carboxyl groups to CO, gas. It is highly possible that most of the REE can be excluded
from the organic phase during the reaction because REE cannot form complex in the gas
phase. Thus, it should be expected that the more the maturity increases, the lesser
amount of REE remains in the organic phase. Indeed, the total concentration of REE in
oils without having carboxyl groups is more than two orders magnitude lower than that
includes carboxyl groups (Table 6—1). Therefore, it is possible that the REE abundance

in oils reflects the maturity.

Next, it is highly possible that the oil reservoir contains not only organic matters
but also oil-field brine. Considering that the REE has ionic characteristics, preferential
distribution of REE from organic phase to water phase can be expected in the reservoir
during the decarboxylation. The high temperature in the reservoir is also expected to
promote maturation of the organic matter, leading to the formation of clay minerals.
Furthermore, the existence of clay minerals can induce the re-distribution of REE from
water phase, which is also suggested by the REE patterns. The REE patterns examined
in this study show W-type tetrad effect (Fig. 6—4), indicating the presence of the M-type
tetrad effect, which is an upward concave curve, should be shown in the counterpart
phase (Kawabe et al., 1999b). The appearance of the W-type tetrad effect in the oil
samples, thus, indicates the re-distribution of REE to material(s) presenting an M-type
tetrad effect through water phase. The possible material in the reservoir presenting the

M-type tetrad effect is clay minerals (Takahashi et al., 2004). Hence, we suggest that the
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REE originally derived from humic substances are excluded from organic phase during
the decarboxylation and re-distributed to clay minerals through brine water in the

reservoir. Therefore, it is possible that REE is enriched in the oil-hosting rocks.

6.4.2 Can oil-hosted rocks be enriched in REE?

The REE distribution experiment supports the hypothesis above. About 35% of
REE is distributed to the solid phase only by shaking, which can be due to the
adsorption of humic acid on the solid phase. The REE distributed to the solid phase did
not significantly increase by heating below 60 °C. Although the mean REE distribution
exceeded 40% by heating at 80 °C, the concentration of carboxyl group in humic acid
was within the analytical uncertainty with that of 25 °C (Fig. 6-6). On the other hand,
the distribution experiment performed above 80 °C showed clear decrease in the
carboxyl group with increasing REE distribution to the solid phase. Approximately 75%
of REE was distributed to the solid phase after heating at 160 °C. Hence, the experiment
shows that the REEs originally adsorbed on carboxyl group in humic acid were released
and re-adsorbed onto the solid phase owing to the decarboxylation reaction. The
relationship shown in Fig. 6-6 suggests that the complete removal of REEs from humic

acid is possible by the decomposition of carboxyl group.

The amount of REE in partially maturated crude oil containing the carboxyl
group (Chapter 5) was more than 10° times larger than those in fully maturated oils (this
study), suggesting the loss of 1 mg REE from a gram of oil. Then, the generation of a
barrel of crude oil accompanies with the release of 140 g of REE, when assuming that
the specific gravity of crude oil is 0.9. Taking into account the fact that some of the
supergiant oil fields can produce more than 10 billion barrels of crude oil, oil fields can
be considered as potential deposits for REE. Furthermore, other elements which have
high affinity to carboxyl groups may also be enriched in the oil-hosting rocks. If REE
and other metal elements are largely excluded during the maturation of organic matters,
it is possible that the process can affect the global budget of metal elements. Given the

present circumstances, there are still large unknown things in organic geochemistry
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including maturation process and oil generating process. This study presents a possible
application of metal elements to reveal these uncertain things, thus can bring new

possibilities on the fusion of organic and inorganic geochemistry.

6.5 Conclusions

In this Chapter, the behavior of REE during the maturation of organic matter,
which has long been neglected in REE geochemistry, was examined. The REE
concentrations of completely maturated crude oils collected from 5 oil fields in Japan
were determined. >C-NMR spectra did not show peaks corresponding to the carboxyl
group for all the oils studied here. The REE abundance of oils without containing
carboxyl group was more than three orders of magnitude lower than those showing
existence of the carboxyl group. REE distribution experiment showed that REEs
adsorbed on humic acid were released to the solid phase in association with the decrease
of the concentration of carboxyl group. A comparison between oils with or without
containing carboxyl group suggests that approximately 16 g of total REEs are released
during the production of a barrel of crude oil. This study brings a new possibility on the

fusion of organic and inorganic geochemistry.
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Table 6-1. REE concentrations (ng/g) in crude oil samples and the total REE
abundance (ng/g).

Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu XREE

Sagara 104 237 314 23.3 80.8 20.0 4.87 19.5 2.85 19.6 5.76 18.6 227 15.1 3.17 0.871

Nagaoka 409 398 635 5191634 29.1 9.40 48.7 8.51 63.7 16.1 60.5 8.01 57.3 126 197

Biratori
SK-1 169 74 298 27.6 97.0 25.0 6.63 323 535 33.5 8.02 244 3.13 232 497 0.832
SK-2 227 139 416 34.7 121 373 7.99 457 7.71 45.0 11.5 33.8 4.53 342 7.01 1.17
SK-5 204 186 359 29.6 104 26.7 692 36.7 634 363 9.04 258 3.75 27.8 6.03 1.07
Yurihara

SK-9S 472 514 1266 100 380 68.3 14.0 65.5 8.67 43.1 9.02 29.7 3.86 26.0 5.06 3.01

SK-12 268 366 1266 71.5 286 55.7 550 473 6.85 33.8 6.54 19.2 2.78 17.5 3.44 2.46

SK-15 196 322 607 56.8 229 373 103 35.1 493 246 5.08 139 2.08 139 2.60 1.56

SK-17HD 249 371 783 71.7 284 51.7 13.1 43.0 6.79 359 7.88 242 3.21 23.6 435 197

SK-18D 1422 1343 2809 288 1198 229 34.5 240 347 168 36.0 104 153 107 203 8.05

Sarukawa

SK-67 110 157 326 27.7 133 240 6.73 23.7 3.46 179 384 114 1.68 119 2.52 0.860

SK-68 166 235 559 404 186 32.8 6.81 329 597 31.5 586 18.5 2.62 19.5 338 1.35

SK-75 319 419 971 542 247 484 943 41.0 725 519 114 365 557 373 7.48 227

SK-80 113 731 420 263 117 224 3.51 232 3.68 21.1 496 129 232 18.0 420 1.52

SK-81 192 322 598 65.7 285 453 876 37.3 540 32.1 6.57 21.1 339 22.7 443 1.65
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Table 6-2. REE distribution ratio (%) defined by Eq. 6-1.

Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

25°C 27.6 325 304 357 316 342 344 342 341 338 341 350 342 339 338
+2.79 +430 +£544 £3.25 43.59 4289 +2.67 +3.10 £2.70 +2.52 +2.58 £2.40 4240 £2.53 +2.70

40°C 26.7 304 303 322 323 354 358 358 353 354 361 364 356 354 355
+2.57 +£1.67 +£1.75 £2.90 +2.00 +1.67 +1.40 +1.70 £1.99 +1.63 +1.59 +£1.97 +1.72 +1.57 +1.92

60 °C 331 346 345 359 358 372 374 379 376 384 388 391 388 387 392
+2.36 £2.14 +£1.93 £2.16 +2.14 4241 +2.19 221 +£2.15 +2.28 +2.21 +£2.19 +2.19 4225 +2.20

80 °C 382 404 408 415 414 419 427 428 432 429 434 436 437 439 441
+2.51 42.67 +2.66 £2.79 +2.87 +2.87 +3.00 +3.04 £2.98 43.07 +3.17 +£3.08 £3.01 £3.06 +2.96

100 °C 447 456 467 475 477 48.0 489 487 495 494 496 497 497 496 50.0
+5.15 £549 4395 £5.68 4545 477 +4.94 +6.06 +4.05 +4.32 +4.18 +4.67 £3.85 +4.73 +5.04

120 °C 545 57.1 589 593 583 586 592 595 591 596 590 599 590 595 598
+7.72 4795 +7.12 £7.05 +7.42 +7.00 +7.18 +7.21 +£7.34 4746 +7.66 +8.08 +7.83 +6.85 +6.49

140 °C 645 672 684 69.1 680 693 694 702 695 703 696 701 700 69.7 703
+9.10 +6.29 +597 +£7.89 +7.78 4822 +883 +8.76 +8.98 4846 +823 +£9.23 48.92 +8.35 +8.71

160 °C 717 733 750 773 727 769 772 770 77.0 781 786 798 79.0 787 785
+9.90 +£7.62 +0.54 £9.22 49.02 +10.1 +9.27 +£10.0 £9.77 49.92 +10.1 +9.80 49.89 49.74 +10.2
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Fig. 6-1. Locations of oil fields studied here.
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Fig. 6-2A. C-NMR spectra of oils collected from Sagara, Nagaoka-Higashiyama, and

Biratori oil fields.
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Chapter 7

A geochemical constraint on the formation process of a manganese
carbonate nodule in the siliceous mud stone of the Jurassic

accretionary complex

7.1 Chapter introduction

Manganese (Mn) carbonate composed of rhodochrosite is often observed as
lenses in the Jurassic accretionary complexes in Japan such as the Northern Chichibu,
Tamba-Mino-Ashio, and Northern Kitakami belts (Arakawa, 1998; Hattori, 1988; Hori
and Wakita, 2006; Suzuki and Ogane, 2004; Yamakita and Hori, 2009). The
sedimentary rocks of the Jurassic accretionary complexes are composed of the accreted
plate-oceanic stratigraphy from the greenstones as a basement through pelagic chert and
hemipelagic siliceous mudstone to clastic rocks of mudstone and sandstone (Matsuda
and Isozaki, 1991). Manganese deposits of the Jurassic accretionary complexes are
identified as ferromanganese deposit in chert (e.g., Fujinaka and Kato, 2005) and Mn
carbonates in siliceous mudstone (e.g., Minoura et al., 1991). The occurrence condition
of Mn in the Jurassic accretionary complexes are variable of the stratiform Mn deposit
between chert beds (Komuro et al., 2005), stratiform ferromanganese deposit associated
with N-MORB type greenstone (Nozaki et al., 2005), and distinctive nodules associated
laminae composed of spherules of rhodochrosite aggregations in siliceous mudstone and
mudstone (Fujihara, 2009; Suzuki and Ogane, 2004; Minoura et al., 1991). This variable
occurrence condition of Mn deposits is presumably interpreted by different origin and

different formation process (Nakagawa et al., 2011).

The scientific interest of the origin and formation process of Mn deposits in the
Jurassic accretionary complexes was used to be mainly based on the interest of resource
geology prior to 1970’s. Since the discovery of Jurassic radiolarians inside the Mn
carbonate nodules in siliceous mudstone of the Tamba-Mino-Ashio Belt (Yao, 1972),
the interest of this topic has been widely extended to the geologic history of the Jurassic

accretionary complexes along the East Asian margin. As Mn carbonate nodules in the
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siliceous mudstone of the Tamba-Mino-Ashio Belt normally include well-preserved
siliceous microfossils, radiolarians, inside the spherules of rhodochrosite, these and then
Mn deposits are presumed to be formed in the depositional site in situ. It is interesting
that radiolarian-bearing Mn deposits in siliceous mudstone is limitedly found from in
the Northern Chichibu, North Kitakami, Tamba-Mino-Ashio belts of Japan (Yamakita
and Hori, 2009), and the Taukha Terrane of Far East Russia which is a tectonic northern
extension of the North Kitakami Belt (e.g., Suzuki et al., 2005, 2007). By contrast, such
Mn deposits have never been reported form the other Jurassic accretionary complexes of
the circum-Pacific region including the South Chichibu Belt of Japan (Matsuoka et al.,
1998), the North Palawan Block of Philippines (Marquez et al., 2006), and the Coast
and Intermontane Belt of southern British Colombia, North America (Cordey, 1998).
This fact implies that the radiolarian-bearing Mn deposit in siliceous mudstone of the
Jurassic accretionary complexes is a unique characteristic in the sequence in the East

Asia.

The interpretation of the origin and formation process of Mn in the Jurassic
accretionary complexes is proposed by many studies. Several studies suggested the
hydrothermal alteration as the formation process of most of the Mn ores (Yoshimura,
1969), whereas other studies suggested the sedimentary origin (Watanabe et al., 1970).
Minoura et al. (1991) studied Mn carbonate nodules in Tamba-Mino-Ashio Belt and
suggested that agglutinated foraminiferal tests were replaced by Mn carbonate. Recently,
Nakagawa et al. (2009) proposed Mn deposits in the Sambagawa, Mikabu, Chichibu,
and Shimanto belts in Shikoku were formed by metamorphism of Mn nodules in
siliceous sediments on the ocean floor. However, the occurrence condition of Mn
deposits is so different that the examination of the origin and formation process of them
using geochemical analysis should be carefully performed in consideration with the
geologic age and the sedimentary structures. Minoura et al. (1991) examined a
geochemical analysis on Mn carbonate deposits hosted by siliceous mudstone. They
showed carbon and oxygen isotopic ratios of Mn carbonate and suggested the
depositional environment of Mn carbonate in Tamba-Mino-Ashio Belt is a transitional

zone between aerobic oxidation and sulfate reduction. However, other geochemical data,
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such as rare earth elements (REEs) which have been widely used in several geochemical
and geological systems (e.g., Henderson, 1984; Taylor and McLennan, 1988), were not

reported so far.

In this study we performed a geochemical study combining with stratigraphic
information to understand the origin of Mn carbonate nodules using the samples
collected from the Tamba-Mino-Ashio Belt, along the Kiso River in central Japan. Rare
earth element geochemistry which is well established in geochemical study combined
with X-ray absorption near-edge structure (XANES) analysis is performed. In addition,
REE adsorption experiment combined with thermodynamic calculation has been done

to give a constraint on the formation process of Mn carbonate nodules.

7.2 Geological setting and samples

The Mn carbonate nodules examined in this study were collected from the
outcrop southwest of the Furou-fall Park along the Kiso River, Inuyama City, Aichi,
central Japan (35°23°53.46”N, 136°57°37.38”E; Fig. 7—1). In this area, the four sets of
the Triassic-Jurassic bedded chert (CH-1, CH-2, CH-3 and CH-4) and clastic rocks
sequence are widely distributed (Yao et al., 1980). The Furou-fall Park section is placed
between CH-2 in the north and CH-1 in the south, where red siliceous mudstone with
Mn carbonate nodules is exposed. This outcrop is just the opposite bank in the
stratigraphic strike direction of the Inuyama section where the sedimentological and
geochemical studies of Mn nodules were performed in previous studies (Fujihara, 2009;
Minoura et al., 1991). In the Furou-fall section, siliceous microfossil radiolarians were
extracted from Mn carbonate nodules by diluted HCI (Nagai, 1986, 1989; Nagai and
Mizutani, 1990), dating the depositional age as Bajocian (170.3—168.3 Ma) of Jurassic.

There are many Mn carbonate nodules on the Furou-fall Park section, but the
easily recognized nodules were unexceptionally weathered. Weathered Mn nodules with
many yellowish-white small spherules are black in color, brittle, and softer than
surrounding red siliceous mudstone. Such weathered nodules are easily destroyed. On

the other hand, fresh Mn nodules are very hard as same as surrounding red siliceous
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mudstone, and the surface of these nodules tends to be colored in black-silver on the
outcrop. The cross-section of fresh nodules is colored rose-red to pink. Differing from
weathered Mn nodules, fresh nodules are comprised with many white small spherules in
the host red siliceous mudstone. Although the contact between these nodules and the
surrounding siliceous mudstone looks sharp, a few white small spherules
(approximately 0.5 mm in diameter; probably particles of rhodochrosite) lined as like
laminae are recognized in red siliceous mudstone, suggesting that these carbonate
nodules were derived from another place and incorporated into the siliceous mudstone.
After careful observation, we selected one lump of Mn carbonate nodule with the best
preservation for the geochemical study from the study section (Fig. 7—2). This Mn
nodule is ellipsoid in shape (approximately 60 cm in maximum length and 30 cm in
thickness), is interbedded in red siliceous mudstone (Fig. 7-2). The boundary between
the Mn nodule and the host red siliceous mudstone is sharp, but no evidence was found
to be sheared by deformation. The presence of homogenously scattered microspherules
of Mn carbonate within the red siliceous mudstone of the same horizon where the
ellipsoid Mn nodule is present, and this apparently indicates its sedimentary origin but

not tectonic inclusion.

From this nodule, we collected samples carefully so as not to be contaminated
weathered portion by deeply digging the outcrop. The host red siliceous mudstone both
above and below the Mn nodule (named as SMa and SMb, respectively) were also
collected for the examination of radiolarian ages whether the age-gap is present between
the nodule and the host siliceous mudstone or not. For each sample, microscopic
observation, radiolarian analysis, and geochemical measurements were performed using

the fragment of the same samples specimens.

7.3 Analytical method

This study focuses on the geochemical analysis of the Mn carbonate nodule.
Prior to the geochemical analysis, the sedimentary structure was observed under a

polarizing microscope and radiolarian ages were estimated for both the Mn carbonate
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nodule and the host red siliceous mudstone samples. Radiolarians were extracted from
Mn carbonate nodule using diluted HCI solution and from siliceous mudstone by 5 wt%
HF solution, respectively, and were identified at the species level under Scanning

Electron Microscope (SEM) or transmitted light microscope (LM).

Manganese carbonate sample and the host red siliceous mudstones, SMa and
SMb, were powdered using agate motor. Mineralogy of the samples was determined
using a Rigaku MultiFlex X-ray diffractometer (XRD). Scans were carried from 2° to
90° (20) using Cu K, source. To determine the REE concentrations, the powdered
materials were digested using a mixture of HF, HNO3, and HCIO4. After the dissolution
with 0.5 M HCI solution, the REEs in samples were separated using cation column
chemistry. The separated REE was finally dissolved with 2% HNO; solution and
introduced into an ICP-MS (Agilent 7700). Indium (In) and bismuth (Bi) were also
added at a concentration of 1 ug/L as internal standards. The accuracy and the precision
of the measurement were better than 1.5% estimated from the measurement of standard

geological material of chert (JCh-1) and repeated measurements of our samples.

The contribution of pure Mn carbonate to REE concentration was determined by
sequential leaching following a procedure described by Koschinsky and Halbach (1995).
A 1 g powdered sample was placed in a Teflon bottle with 30 ml of 1 M acetate buffer
at pH 5. The bottle was shaken for 5 hours at 25 °C using shaking apparatus. The
leaching solution, which corresponds to carbonate phase, was separated from residual
solid phase by filtration using a hydrophilic PTFE filter (0.2 um; ADVANTEC). The
solid remaining on the filter was rinsed three times with ultra-pure water, then digested
using a mixture of HF, HNO;, and HCIO4. REEs in two fractions, namely carbonate
phase and residue, were separated using the column chemistry described above and

REE concentrations were measured using the I[CP-MS.

The Ce Lig-edge (5723 eV) XANES was measured at BL-12C at Photon Factory
(Tsukuba, Japan). The Ce Lij-edge XANES spectra, which are sensitive to the
covalent/ionic bond character and the oxidation state, were measured for the samples in

fluorescence mode using a 19-element germanium semiconductor detector. The two
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reference materials diluted by boron nitride powder, namely, CeCl; and CeO,, were
measured in transmission mode. The measurements were conducted under ambient
pressure and temperature. The X-ray energy was calibrated with the first peak of CeO;
at 5723 eV. The repeated scans of XANES yielded identical spectra to one another,
indicating that X-ray-induced redox change of Ce did not occur during our experiments.

The XANES spectra were analyzed using the REX2000 software (Rigaku Co. Ltd.).

REE adsorption experiment was also performed in this study. A standard REE
solution (Spex Certiprep., USA) containing all REEs, except promethium (Pm), at a
concentration of 10.0 mg/L each was in plastic bottles with 100 mg synthesized
MnCOs3 (Wako, Japan) for the solid phase. A diluted NaOH or HCI solution was used to
adjust the pH to 8.00 + 0.05 and ionic strength was adjusted to be 0.70 M using a NaCl
solution. The suspension was stirred for 24 h at 25 °C using a shaking apparatus. At the
end of the experimental period, the liquid phase was separated from the solid phase by
filtration using a hydrophilic PTFE filter (0.2 wum; ADVANTEC). The REEs in filtrate
were separated using the column chemistry and finally acidified with HNO; to
determine the REE concentration using ICP-MS. The distribution coefficient (K4) of a

REE between the liquid and solid phases is defined as

Kd (L/g) _ [REE]init _[REE]ﬁl

C><[I{EE]ﬁl (7_1)

where [REE]s is the REE concentration in the filtrate and [REE]i, is the initial
concentration of dissolved REE. The ¢ (g/L) denotes the ratio of the solid phase to

water.

Thermodynamic calculation was conducted using the Geochemist’s Workbench
(GWB, Volume 6; Bethke, 2006) to estimate the Eh-pH condition where rhodochrosite
(MnCO:s3) precipitates. In our calculation, concentration of bicarbonate (HCO; ) was
fixed at 10> M which is slightly lower than the HCO5 concentration in seawater (2.25
mM; Bruland and Lohan, 2003). Meanwhile, concentration of dissolved Mn”" was cited
from reference values where deposition of rhodochrosite was observed in modern sea

sediments as 20 uM (Thomson et al., 1986), 60 uM (Pedersen and Price, 1982), 160 uM
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(Pedersen and Price, 1982), and 250 uM (Calvert and Price, 1970). A boundary between
soluble and insoluble species of Ce was also calculated using the GWB. Soluble Ce
species considered in the calculation were Ce’, CeCO;", and Ce(COs), . In the
calculation, the HCO;  concentration was also fixed at 10> M, while two dissolved
concentrations, 1 and 100 pM, were examined for Ce, because Ce*" in the ocean column
are generally several pM order (e.g., Alibo and Nozaki, 1999). The occurrence of the

positive Ce anomaly is expected above this boundary.

Stable isotope ratios of Ce were also determined at the Kochi Institute for Core
Sample Research, Japan Agency for Marine-Earth Science and Technology
(JAMSTEC) using a double-focusing multiple collector (MC) ICP-MS (Neptune,
Thermo Fisher). The details of the measurement was described in Chapter 3. The CeCl;
solution used in the adsorption experiment in Chapter 3 was employed as a standard
solution that was analyzed every three or four samples. The isotope ratios are expressed
in standard delta notation relative to the average standards, as shown in the following

equation:

142 Ce/l4OCe
( b ~1{x10°. (7-2)

6142CG -
(142 Ce/Moce)Cecm

The analytical uncertainty for the measurement was 0.189, 0.078, and 0.058%. (20) for
Mn carbonate nodule, SMa, and SMb, respectively, which was calculated from triplicate

analyses.

7.4 Results
7.4.1 Microscopic observation

Manganese carbonate nodule is comprised with spherical or distorted spherical
grains of 0.5-1.0 mm in diameter and its fillings similar to the surrounding red siliceous
mudstone (Fig. 7-3A). Each grain is composed of radial accumulation of acicular
crystal which is characterized by cross shaped extinction under closed polarized (Fig.

7—3A, B). These characteristics are consistent with those of rhodochrosite and previous
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reports on Mn carbonate nodules collected from this area (Fujihara, 2009; Minoura et al.,
1991). It is noted that these grains contain almost unbroken radiolarian shells. The
number of radiolarian shells incorporated in one grain varies to a large degree.
Manganese carbonate grains and radiolarian shells in the grain were found to contain no
clay minerals inside of their grain and shell. The radiolarian test on the periphery of
each grain is always rounded or broken so as to form a smooth surface of each grain,
and no radiolarians are exposed outside of each grain nor are bridged between different
grains. It is important that no radiolarian shells were preserved at the boundary between
different Mn carbonate grains. There are few ill-preserved radiolarians, if present, in the

fillings of Mn carbonate grains in the nodule.

The SMa and SMb contain many radiolarians but are not associated with any
remains of Mn carbonate grains. As like the field observations, no tectonic disturbances
like S-C fabric, R1 shear, asymmetric cataclastic tails were recognized in thin sections.
Differing from radiolarians inside of Mn carbonate grains in the nodule, radiolarian
shells in siliceous mudstones are slightly broken (Fig. 7-3C—F). The exactly same
observation results to Mn carbonate nodules and their host rocks are reported by

Fujihara (2009).

7.4.2 Radiolarian ages

Radiolarians extracted both from the manganese carbonate nodules and the
surrounding siliceous mudstone are generally well preserved, and consist of more than
50 species at minimum. The manganese carbonate nodule yields Eucyrtidiellum
unumaense (Yao), Japonocapsa fusiformis (Yao), Striatojaponocapsa plicarum
plicarum (Yao) sensu emend. Hatakeda et al. (2007), Unuma echinatus Ichikawa et Yao,
and U. aff. echinatus Ichikawa et Yao (Fig. 7—4). Despite of well-preserved and high
diversify radiolarian faunas in the manganese carbonate nodule, Unuma latusicostatus
(Aita), Eucyrtidiellum semifactum (Nagai et Mizutani) and Striatojaponocapsa
synconexa O’Dogerty et al. have never been encountered in this sample. This faunal

composition is correlative to the Striatojaponocapsa plicarum plicarum Zone in
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Hatakeda et al. (2007) and Nishizono et al. (1997). This zone in Nishizono et al. (1997)
is defined by the interval between the first occurrence of S. plicarum plicarum and that
of U. latusicostatus, whereas that in Hatakeda et al. (2007) by the interval between the
first occurrence of S. plicarum plicarum and that of S. synconexa. Although the first
occurrence horizons of U. latusicostatus and S. synconexa have not been discerned in
the same stratigraphic section hitherto, these two studies are presumed to be nearly the
same age interval. This fossil zone is assigned to be Bajocian of Middle Jurassic in

several papers (Matsuoka, 1995; Hatakeda et al., 2007; Nishizono et al., 1997).

The SMa and SMb also contained relatively well-preserved and high diversity
radiolarians. The radiolarian faunas from both horizons of the siliceous mudstone are
characterized by E. unumaense, J. fusiformis, S. plicarum plicarum, and U. aff.
echinatus (Fig. 7—4). These fauna are absent as for not only S. synconexa and U.
latusicostatus but also a typical U. echinatus. Although these faunas are correlated to
the S. plicarum plicarum Zone of Hatakeda et al. (2007) and Nishizono et al. (1997) as
like for the Mn carbonate nodule, the species S. plicarum plicarum in the siliceous
mudstone is assigned as an evolutionary-advanced form by having smaller a dish-like
final segment beneath the inflated globular segment (34.8 pm in width, n=10 for SMb
and 31.5 pm in width, n=10 for SMa) than that in the manganese nodule (44.3 um in
width, n=10). The one-direction reducing phenomenon to the width of the dish-like final
segment is well known between the early evolutionary form and evolutionary-advanced
form of S. plicarum plicarum (e.g., Hatakeda et al., 2007). The evolutionary-advanced
form of S. plicarum plicarum from siliceous mudstone is interpreted that the
radiolarians in the Mn carbonate nodule is somewhat older than radiolarians in both
overlain and underlain siliceous mudstone. Fujihara (2009) also recognized older fauna

in the Mn carbonate nodules than those in the host rock in their samples as well.

7.4.3 Geochemical analysis

Figure 7-5 shows XRD pattern of Mn carbonate and the host red siliceous

mudstone. As expected, all the peaks observed for siliceous mudstone corresponds to
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quartz. Meanwhile, peaks found for Mn carbonate are equivalent to those of
rhodochrosite and quartz. Peaks of rhodochrosite were predictable, since it was found
by microscopic observation. The peaks of quartz found in Mn carbonate are due to the
large abundance of radiolarian shells in the rhodochrosite grain and small amount of

clay minerals in the matrix.

REE concentrations in Mn carbonate and siliceous mudstones are listed in Table
7—1. Figure 7-6 shows REE patterns of Mn carbonate and siliceous mudstones
normalized by PAAS (McLennan, 1989). Both SMa and SMb show a similar flat REE
pattern with positive Ce anomalies and M-type tetrad effect. The Mn carbonate shows a
positive Ce anomaly and enrichment toward heavy-REE (HREE; Ho, Er, Tm, Yb, and
Lu). The REE patterns of sequential leaching are shown in Fig. 7—7. This result implies
that carbonate phase is free from the positive Ce anomaly. The absolute concentration of
REE in carbonate phase is about one tenth of the residual phase which is mainly

dominated by clay minerals and radiolarian shells.

The Ce Ly-edge (5723 eV) XANES spectra of samples along with results for
certain reference materials are shown in Fig. 7—8. The shapes of the spectra revealed a
clear distinction between trivalent and tetravalent Ce, that is, Ce(IIl) presents one sharp
peak and Ce(IV) shows a two-humped peak. In addition, energy of the absorption
maximum for Ce(IIl) and Ce(IV) differs. The results illustrated that Ce in both host red
siliceous mudstone and Mn carbonate is a trivalent form, despite of their positive Ce

anomalies.

Adsorption experiment of REE on synthesized MnCO; does not show any
positive Ce anomaly (Fig. 7-9). The distribution coefficient show K4 of Y is smaller
than that of Ho which is an opposite result of a natural Mn carbonate nodule (Figs. 7—6
and 7—7). Thermodynamic calculation shows that the precipitation of rhodochrosite can
be observed in a large region of the Eh-pH diagram under our calculation condition (Fig.
7—10). The calculation also shows whether the rhodochrosite precipitates or not largely
relies on the dissolved Mn*" concentration. If the Mn®" concentration is lower than 0.16

uM, rhodochrosite is not formed at any HCO; concentration. Although the required
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Mn*" concentration to precipitate rhodochrosite is about three orders of magnitude
higher than the dissolved Mn®" concentration in oceans (varies from 0.08 to 5 nM, with
an average of 0.3 nM; Bruland and Lohan, 2003), the threshold concentration is low
enough to form the rhodochrosite in oceanic sedimentary column (Calvert and Price,
1970; Pedersen and Price, 1982; Thomson et al., 1986). In Fig. 7—10, sulfate/sulfide
boundary (Brookins, 1988) is also presented, because Minoura et al. (1991) suggested
that the depositional environment of Mn carbonate in Tamba-Mino-Ashio Belt is a

transitional zone between aerobic oxidation and sulfate reduction.

Stable isotope ratios for Mn carbonate nodule and two siliceous mudstones are
shown in Table 7-2 and Fig. 7-10. The §'**Ce values of siliceous mudstones are within
the analytical uncertainty, while that of Mn carbonate nodule is enriched in the heavier

Ce beyond the uncertainty.

7.5 Discussion

This study performed geochemical analysis of samples from a fresh Mn
carbonate nodules and the surrounding host red siliceous mudstone after the careful
examination of field observation, microscopic observation, and the depositional age
determination by radiolarian fossils. Such field and microscopic observations as well as
radiolarian age determination have already been done in the outcrop of Mn carbonate
nodules locating at the other side of the Kiso River by previous studies (Fujihara, 2009;
Yao, 1997; Minoura et al., 1991). Although we examined different outcrops, our age
determination is confirmed to be identical to their results, namely, Bajocian of Middle
Jurassic. Fujihara (2009) and Minoura et al. (1991) estimated that Mn carbonate
microspherules were precipitated in pelagic condition, and then transported and
reworked on a hemipelagic oceanic floor. The interpretation of the re-depositional
process differs between the two studies: Minoura et al. (1991) considered upward
movement by agguligated benthic foraminifers, while Fujihara (2009) presumed a

transportation on the sea floor by bottom water currents.

In our measurements, a positive Ce anomaly is observed in Mn carbonate (Fig.
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7—-6), and thermodynamic calculation suggests a possible occurrence of the positive Ce
anomaly in rhodochrosite precipitation (Fig. 7-10). However, the direct analysis using
XANES and the adsorption experiment indicates that Ce in Mn carbonate is in trivalent
state and positive Ce anomaly is not expected (Figs. 7-8 and 7-9). In the case of
ferromanganese deposits, they showed positive Ce anomalies (e.g., Aplin, 1984;
Elderfield et al., 1981), which was supported by adsorption experiments (e.g., Ohta and
Kawabe, 2001; Takahashi et al., 2000a) and thermodynamic calculations (Brookins,
1988; Chapter 3). In addition, XANES analysis also suggested that the Ce existed as
tetravalent state irrespective of their formation environment (Takahashi et al., 2007).
The oxidative adsorption of Ce on MnO; is caused by the release of an electron from
Ce™ to Mn*", which cannot be the case of MnCOs, because Mn in MnCOs is divalent
state. The MnCOs3 cannot oxidize Ce into tetravalent state, which is certified by the REE
adsorption experiment (Fig. 7-9). The thermodynamic calculation shows that the
boundary between soluble Ce species and CeO; is included in the stability region of
rhodochrosite, suggesting that the Ce oxidation can occur possibly by dissolved oxygen
without the formation of MnQO,. In other words, Ce(IV) species can coexist with Mn
carbonate. In addition, if the depositional environment of Mn carbonate suggested by
Minoura et al. (1991) is taken into account, our calculations suggest that the coexistence
of rhodochrosite precipitation in association with the positive Ce anomaly is not
achieved around the sulfate/sulfide boundary (Fig. 7—10). Therefore, the most probable
interpretation from this calculation is spontaneous oxidation of Ce(Ill) possible by
dissolved oxygen in the aqueous phase in seawater, but not by the oxidative adsorption

of Ce by MnCO:;.

Another possibility is reduction during diagenesis. In regardless of positive Ce
anomalies in Mn carbonate and the host red siliceous mudstone in the
PAAS-normalized REE pattern (Fig. 7-6), Ce in these sample are in trivalent form by
XANES analysis (Fig. 7-8). The reduction of Ce during the diagenesis was also
reported for chert in Tamba-Mino-Ashio Belt (Takahashi et al., 2000b). They showed
positive Ce anomalies in chert samples and the absence of tetravalent Ce using XANES

analysis. Therefore, the positive Ce anomaly shown in the Mn carbonate sample can be
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explained by the reduction of MnO, to Mn*" or MnCO;. As described above, MnO,
deposits oxidize Ce into tetravalent state and subsequently should initially exhibit a
positive Ce anomaly. The initial formation of MnO, deposits followed by the reduction
under the bicarbonate-rich condition would lead to the presence of a positive Ce
anomaly with reduced form of Ce. In the case of Mn deposit consisting of quartz,
thodochrosite, and Mn oxides in the Katsuyama section, Inuyama area,
Tamba-Mino-Ashio Belt showed presence of positive Ce anomalies and the enrichment
of Cu, Pb, W, and Zn in Mn layer (Komuro and Wakita, 2005). As the Mn nodule in the
Katsuyama section is a stratiform deposit interbedded chert according to Komura and
Waktia (2005), they considered that the input of oxic water into the deep ocean floor to
form the bedded Mn deposits at the Katsuyama section. Nakagawa et al. (2011)
summarized bedded Mn deposits in the accretionary complexes of Japan and explained
that Mn ores in the Tamba-Mino-Ashio Belt originated from Mn nodules or crusts
followed by the low-grade metamorphism through subduction-accretion processes.
These previous studies, however, may not be the case for our study, because the Mn
carbonate collected in this study is not in bedded form but nodular appearance

incorporated in siliceous mudstone.

Microscopic observation shows that no radiolarian shells were preserved outside
of Mn carbonate grains (Fig. 7-3A, B). If Mn carbonate is formed due to the reduction
from MnO, nodules or crusts in situ, radiolarian shells can be moved during the
dissolution and re-deposition process. If such process occurred, radiolarian shells are
expected to be bridged between two or more grains of rhodochrosite, which was not the
case in this study. The exactly same observation was already documented by both
Fujihara (2009) and Minoura et al. (1991). Therefore, the microscopic observation
strongly suggests that rhodochrosite grains did not develop in the host rock any longer
after the primary formation. The Y/Ho ratio shown in the PAAS-normalized REE
pattern of Mn carbonate could support the primary formation of rhodochrosite.
Generally, normalized Y/Ho ratios of marine Fe/Mn deposits are smaller than 1 (e.g.,
Bau et al., 1996; Hein et al., 1987; Takahashi et al., 2007), whereas those of seawater,

hydrothermal fluids, and limestones are larger than 1 (e.g., Alibo and Nozaki, 1999;
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Douville et al., 1999; Frimmel, 2009; Nothdurft et al., 2004). The larger Y abundance
than Ho is also observed carbonate phase of Mn carbonate. The REE pattern after the
leaching further verifies the primary formation of rhodochrosite. If rhodochrosite grains
are secondarily formed followed by the reduction from MnO,, a positive Ce anomaly is
expected to occur in the carbonate phase. However, no distinct positive Ce anomaly was
observed in the carbonate phase of Mn carbonate (Fig. 7—7). In addition, the leaching
experiment shows that the residual phase, mainly composed of clay minerals, dominates
the REE in the bulk Mn carbonate. The total REE concentration of hydrogenetic Fe/Mn
deposits are typically high; some data showed that total lanthanoid concentration was
higher than 1000 ppm (e.g., Bau et al., 1996; Hein et al., 1987; Nath et al., 1992). These
facts do not support the primary formation of MnO, followed by the reduction to
MnCOs. The possibility of a primary formation of hydrothermal Fe/Mn deposits, which
lacks positive Ce anomaly, can also be neglected due to the absence of a positive Eu
anomaly (Figs. 7-6 and 7—7). Furthermore, if MnO, was formed primarily, 5'*Ce value
is expected to be lower than that observed because preferential adsorption of lighter Ce
was observed in the adsorption experiment (Chapter 3). Taking into account all the
observational and experimental results, we suggest that Mn carbonate nodules
surrounded by siliceous mudstones studied here primarily forms rhodochrosite followed
by the incorporation of clays in the matrix which has the positive Ce anomaly during or
after the settlement of the depositional site (Fig. 7-12). It is interesting to consider why
such formative conditions of rhodochrosite in situ specifically appeared in the deep-sea
ocean floor without the input of clay minerals in the limited areas where the radiolarian
test of the Jurassic accretionary complexes of the Norhtern Chichibu,

Tamba-Mino-Ashio and North Kitakami belt were sufficiently deposits.

7.6 Conculusions

Geochemical investigations on Mn carbonate nodules interbedded in red
siliceous mudstone of the Tamba-Mino-Ashio Belt were performed. Microscopic

observation showed the authigenic rhodochrosite and numerous radiolarian shells
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without any clay minerals, and the spherule of rhodochrosite is abraded in consideration
with the preserved condition of radiolarians. Radiolarian faunas from both the Mn
carbonate nodule and their host rocks are correlative to the same Bajocian age of Middle
Jurassic, but the host red siliceous mudstones are somewhat younger than the Mn
nodule. These two evidences are explained by the facts that (i) spherules of
rhodochrosite developed to involve radiolarian test at first at the depositional site
without clay minerals and (ii) these isolated spherules moved to the depositional site of
red siliceous mudstone where clay minerals are present. XRD analysis confirmed the
existence of rhodochrosite and quartz in Mn carbonate. The bulk rock REE pattern
normalized by PAAS showed the positive Ce anomaly, whereas XANES analysis
showed Ce in Mn carbonate exists as trivalent state. In consideration with the REE
pattern after the leaching and the occurrence state of rhodochrosite spherules in the Mn
nodule, the best explanation of Mn nodule formation so far is that rhodochrosite is
primarily formed and subsequently transferred to the different site where siliceous
mudstone was deposited. Stable isotope ratio of Ce in Mn carbonate nodule support the

suggestion.
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Table 7—1. REE abundances (mg/kg) of siliceous mud and Mn carbonate determined

using ICP-MS.

SMa SMb Mn carbonate
Y 14.6 9.44 19.4
La 19.6 12.0 8.38
Ce 52.7 34.2 23.5
Pr 4.37 2.85 1.91
Nd 16.7 11.1 7.52
Sm 3.21 2.19 1.65
Eu 0.536 0.394 0.351
Gd 2.68 1.87 1.80
Tb 0.451 0.315 0.347
Dy 2.74 1.86 2.49
Ho 0.560 0.362 0.581
Er 1.81 1.10 1.96
Tm 0.268 0.161 0.291
Yb 1.93 1.10 1.93
Lu 0.293 0.157 0.293

Note siliceous (a) denotes siliceous mudstone locating above the Mn carbonate,

whiereas siliceous (b) denotes that locating below.

Table 7-2. Stable isotope ratios of Ce in siliceous mud and Mn carbonate.

Single Duplicate Triplicate Mean  Deviation (20)
Mn carbonate 0.758 0.649 0.189
SMa 0.051 0.164 0.078
SMb 0.143 0.202 0.058
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Fig. 7-1. Geological map of Inuyama area (after Yao, 1980).
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Fig. 7-2. Photograph showing the outcrop of Mn carbonate nodule and the host red
siliceous mudstone. Two circles in the photograph denote the location where siliceous
mudstones were collected. The length of hammer shown at the lower right of the Mn

carbonate nodule is 40 cm.
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Fig. 7-3. Microscopic photographs of the thin section of Mn carbonate (A, B), overlain

siliceous mudstone (SMa; C, D), and underlain siliceous mudstone (SMb; E, F) the Mn
carbonate. (A), (C), and (E) are plane polarized photographs, while (B), (D), and (F) are

crossed polarized. Bar denotes the 500 um.
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Fig. 7-4. Age determinable radiolarians from the Mn carbonate nodule (4.1.-4.4), the
SMb (4.5 and 4.6) and SMa (4.7 and 4.8). 1. Unuma echinatus Ichikawa et Yao; 2. and
5. Unuma aff. echinatus Ichikawa et Yao; 3, 6 and 7. Striatojaponocapsa plicarum

plicarum (Yao) sensu Hatakeda et al. (2007); 4. and 8. Japonocapsa fusiformis (Y ao).
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Chapter 8

Late Triassic compositional changes of aeolian dusts in the pelagic

Panthalassa: Response to the continental climatic change

8.1 Chapter introduction
8.1.1 Carnian pluvial event

The Triassic geologic period dawned with the Permian/Triassic mass extinction
event (e.g., Raup and Sepkoski, 1982; Kump, 2003), and biofacies were recovered (e.g.,
Hallam and Wignall, 1997; Chen and Benton, 2012). It is thought that the relatively
stable climate during the Triassic was controlled by the “Megamonsoon” or maximum
strength of monsoonal circulation generated by the existence of the Pangea
supercontinent and the surrounding Panthalassic Oceans (Kutzbach and Gallimore,
1989; Parrish, 1993). However, it has been suggested that a drastic climate change
involving very humid conditions occurred during the Carnian stage of the Late Triassic
(Simms and Ruffell, 1989, 1990). This event was initially indicated by the interrupted
growth of the carbonate platform in the Northern Alps (Schlager and Schéllnberger,
1974). The widespread development of sandstones and the elevated kaolinite contents
in southern England were explained by a climate with warmer temperatures and high
humidity (Simms and Ruffell, 1989, 1990). This event, called the Carnian pluvial event
(CPE: Simms and Ruffell, 1990), occurred during the middle to late Carnian according
to the biostratigraphy (Hornung and Brandner, 2005; Rigo et al., 2007).

In addition to the climatic factor, the biotic crisis was an important factor
associated with the CPE (e.g., Schlager and Schéllnberger, 1974; Simms and Ruffell,
1989; Simms et al., 1994; Benton, 2004; Furin et al., 2006). The extinction or turnover
of some marine taxa, such as ammonites, crinoids, conodonts, bivalves, and bryozoa,
was observed during this period (Simms and Ruffell, 1989, 1990; Simms et al., 1994).
Meanwhile, calcareous nannoplankton was also observed in the Carnian (Erba, 2006).
From the early Carnian to the late Norian, Tethyan radiolarian fauna became dominant

in the Boreal ecosystem and formed mixed fauna in Siberia (Bragin et al., 2012),
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which most likely was related to climatic warming in association with the CPE. These
observations mean that the CPE is an important environmental event relevant to the

origins of paleocoenosis in the Mesozoic Era.

Three possible causes are proposed to explain the CPE: (i) tectonic activity
(Hornung and Brandner, 2005; Kozur and Bachmann, 2010), (ii) volcanic eruptions
(Furin et al., 2006; Greene et al. 2009), and (iii) the peak of the Megamonsoon owing
to the supercontinent—superocean setting (Parrish, 1993; Colombi and Parrish, 2008).
The Cimmerian Micro-Continent, located at the northern margin of the Tethys realm,
collided with the Eurasian plate during the formation of the Neotethys Ocean (Stampfli
and Kozur, 2006). The uplift related to this collision enhanced the monsoonal
circulation in the Tethys realm (Hornung and Brandner, 2005; Kozur and Bachmann,
2010). It is noteworthy that the CPE was approximately coincident with the large
igneous province that was dated by the precise determination of *°°Pb/**U in the
Wrangellia Terrane (Furin et al., 2006). Geochemical analysis indicated that the large
oceanic plateau derived from the depleted plume-type mantle source formed during a
brief interval (225-231 Ma; Greene et al., 2009) at the eastern Panthalassa (Jones et al.,
1977). Meanwhile, the depositional environment, characterized on the basis of the
plant taphofacies of the Ischigualasto Formation in the southwest Pangea, suggested an
increase in rainfall caused by the maximal development of the Megamonsoon during

the middle Carnian (Colombi and Parrish, 2008).

Two important factors can be used to identify the cause of the CPE. First, the
extent of the CPE remains unclear. A temporal demise of the carbonate platforms and a
climate with high humidity were suggested in several areas around the Tethys realm,
such as (i) Northwest Tethys (Northern Calcareous Alps, Southern Alps, southern
England (1, 2, and 3 in Fig. 8—1, respectively); Schlager and Schollnberger, 1974;
Simms and Ruffell, 1989, 1990; Hornung and Brandner, 2005; Hornung et al., 2007a;
Roghi et al., 2010 and references therein), (ii) northern Tethys (4 in Fig. 8—1; Donoftio,
1991), (iii) southeastern Tethys (5 in Fig. 8—1; Martini et al., 2000), (iv) northeastern
Tethys (6 in Fig. 8—1; Lehrmann et al., 2005), and (v) southern Tethys (7 in Fig. 8—1;

Hornung et al., 2007b). The increased amounts of rainfall have also been reported from
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several areas other than the Tethys realm, such as western Pangea (8 and 9 in Fig. 8—1;
Prochnow et al., 2006; Colombi and Parrish, 2008) and the Boreal region (10 and 11 in
Fig. 8—1; Hochuli and Vigran, 2010; Bragin et al., 2012). Although these observations
suggest that the CPE affected large areas of Pangea, the studies that were performed
only regarded shallow oceans or land-sections (Fig. 8—1). Second, owing to tectonic
deformation, a few lithologically continuous sections throughout the Carnian are
present in the Tethys realm. In particular, the northward movement of the Cimmerian
Micro-Continent continued and resulted in the closure of the Paleotethys and the
opening of the Neotethys (Golonka, 2007). This requires a piecing together of
fragmented information about the order of stratification, which resulted in an

incomplete understanding of the CPE.

This study aims to reveal the pelagic sedimentary response to the Carnian
climate changes by analyzing cherts collected from the successive sequence in the
Tamba-Mino-Ashio Belt, Japan. This biostratigraphic study of the pelagic sediments
deposited during the late Triassic has some implications for the CPE that have not been
reported previously. In addition, deep-sea pelagic sediments can provide the most
stable continuous section. The iron (Fe) species in the chert samples were the focus of
the current study because of their potential for use as a paleo-redox tracer. For the first
time, the X-ray absorption fine structure (XAFS) analysis of Fe was used as an
alternative method to determine the iron species in chert samples. Despite the potential
usefulness for the estimation of the paleo-redox condition, the identification of
Fe-bearing minerals in chert is not easy due to the small amounts of Fe present in chert
(e.g., Murray et al., 1991; Murray, 1994). Although *'Fe Mossbauer spectroscopy can
distinguish Fe-bearing minerals, such as hematite, goethite, and pyrite, further detailed
classification, such as the type of clay minerals incorporated in chert, is difficult
because Mossbauer spectroscopy shows only the peaks of paramagnetic Fe*™ and/or
Fe** (Matsuo et al., 2002; Sato et al., 2011). Natural samples can contain mixtures of
clays. For example, both chlorite and illite can be present in chert, while *'Fe
Massbauer spectroscopy shows peaks corresponding to paramagnetic Fe*". In addition,

in *’Fe Mossbauer spectra, the peaks corresponding to pyrite and paramagnetic Fe’,
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from clay minerals and/or hydrated Fe’* oxides (Manning and Ash, 1979), are very
close to each other, and the interpretation of the spectra requires an assumption of the
existence of either pyrite or paramagnetic Fe’". In this respect, XAFS is a powerful

tool to analyze the Fe-bearing minerals in chert samples.

8.1.2 Clay minerals and aeolian dust

Clay minerals in pelagic sediments can reflect the weathering processes and the
palacoenvironmental conditions, such as climate, redox, and sea level variations (e.g.,
Ruffell et al., 2002; Ahlberg et al., 2003; Dera et al., 2009; Rostasi et al., 2011).
Among the clay minerals, illite and chlorite form during the initial stage of chemical
weathering, typically under dry and cool condition, while smectite and kaolinite form
in the advanced stage of weathering, typically under warm and humid conditions
(Chamley, 1989; Weaver, 1989; Fiirsich et al., 2005). Although metamorphism can
alter mineral compositions, the identification of clays can act as a sensitive indicator of

the palaeoenvironment.

Clay minerals are brought to the pelagic zone mainly as aeolian dusts or
aerosols. In the case of the modern environment, most dusts originate in arid areas,
such as North Africa, the Arabian peninsula, and eastern Asia (e.g., Maher et al., 2010).
The influence of dust on the climate includes not only the direct effect of scattering
and absorbing the solar and the terrestrial radiation but also the indirect effect of acting
as cloud condensation nuclei. In addition, taking into account the large global
depositional flux of dust to the oceans (0.3—2 Pg yr_l; Mahowald et al., 2005; Zender
et al., 2005), dust delivered to the oceans supplies macronutrients (phosphate, nitrate,
and silica) and micronutrients (Fe, Zn, and Cd) that can fertilize the marine ecosystem
and indirectly affect the climate. For example, Martin (1990) hypothesized that the
change in the atmospheric CO, during glacial and interglacial periods can be controlled
by the supply of Fe dust to the oceans because glacial periods are believed to be much
dustier than interglacial periods (e.g., Petit et al., 1981; Kohfeld and Harrison, 2001).

In addition, Fe has been identified as a limiting factor for phytoplankton growth in
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high-nutrient low-chlorophyll (HNLC) regions (Martin and Fitzwater, 1988), and dusts
from eastern Asia are considered to be major sources of Fe in the North Pacific HNLC
regions (Duce and Tindale, 1991). Thus, the study of clays delivered to the pelagic
environment as dusts is important for the knowledge of biological productivity. As in
the modern case, dusts should play a similar role in the palacoenvironment. Therefore,
this study provides new information for the CPE that occurred in the Late Triassic

period.

8.2 Geological setting

Bedded chert samples analyzed in this study were collected from the “Section
R” (Sugiyama, 1997) continuous lithologic succession in the Tamba-Mino-Ashio Belt,
a Paleozoic-Mesozoic accretionary complex in the Inuyama area in central Japan (Fig.
8—2). In the Inuyama area, Triassic-Jurassic bedded chert and clastic rock sequences
form thrust pile structures, and the sections are called CH-1, CH-2, CH-3, and CH-4 in
structurally ascending order (Yao et al., 1980). The sedimentary complex in this area
formed by accretionary processes at shallow depths (Kimura and Hori, 1993) and has
been classified into a very lower diagenetic zone based on the illite crystallinity
(Otsuka and Watanabe, 1992). A paleomagnetic study was made of the bedded cherts
from the Middle Triassic (Anisian) to the Lower Jurassic in the Inuyama area that was

deposited in an equatorial region with a palaeolatitude between 10°N and 10°S (Ando

etal., 2001).

Among the sections in the Inuyama area, we focused on Section R in CH-3
(35°24°18.6”N, 136°57°48.5”E; Fig. 8-2; Sugiyama, 1997). This section consists
mainly of late Ladinian to late Carnian bedded red chert with a thickness of
approximately 25 m, based on the radiolarian biostratigraphy (Sugiyama, 1997), and a
small amount of white chert is intercalated at approximately 1.2, 4.3, and 22 m from
the lower part of the section (Fig. 8—3). In Section R, there are two lithologic types of
bedded chert (Imoto, 1984). The B-type bedded chert shows a clear repetition of

distinct siliceous and muddy layers at levels of several centimeters. The F-type
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(fine-grained quartz) bedded chert has boundaries that are indistinct due to
amalgamation. In this study, the F-type chert is further divided into relatively Si-rich

and Si-normal components.

We divided Section R into 6 units based on the colors and types of the bedded
chert (Fig. 8-3). The lower part of this section, which consists of B-type bedded chert
with siliceous layers (several cm in thickness) and muddy layers (several mm in
thickness), is unit 1. The total thickness of unit 1 was approximately 4 m. Two massive
white chert layers existed at the middle and upper parts of this unit. Field observations
indicate that the color of the chert at the lower part of this section (beneath the lowest
white chert) gradually became greenish. In this unit, we identified 130 single chert
layers and named them “R1-X”. The capital letter R identifies the samples collected
from Section R, the number between 1 and 6 correspond to the unit, and the last letter
indicates the number of samples collected from each unit. The F-type bedded chert
with thickness of 6 m constituted unit 2. The F-type bedded chert with a thickness of 6
m constituted unit 2. The F-type bedded chert with the colored tone laminae and
thickness of 3 m composed unit 3. The boundary between units 1 and 2 was
transitional, while the boundary between units 2 and 3 was distinguished by colored
laminae. In unit 3, the Si-normal parts correspond to the violet-colored laminae. In
contrast to the B-type bedded chert, the identification of the single layer in the F-type
chert was indistinct owing to amalgamation. Unit 4 was composed of three layers of
bedded chert (R4-1, R4-2, and R4-3) and a layer of violet-colored siliceous mudstone
(R4-4), which corresponded to the horizon of CS-1 in Sugiyama (1997). The boundary
between units 3 and 4 was distinct. Above the siliceous mudstone layer, 70 single
layers of B-type bedded chert appeared again in unit 5. The boundary between units 4
and 5 was also distinct, while the boundary between units 5 and 6 was transitional.
Unit 6 consisted of F-type bedded chert without the lamina observed in unit 3 but with

a narrow band of white chert.

8.3 Analytical methods
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8.3.1 Major element analysis

The SiO, and P,Os compositions of the cherts were determined using a
PANalytical Epsilon5 energy dispersive XRF (EDXRF). Other major elements, such as
ALO;, Ca0, Fe;0s, K;O, MgO, MnO, Na,O, and TiO,, were determined using an
ICP-AES (Thermo Scientific, iCAP 6000) after the samples were digested in a mixture
of HF, HCIO4, and HNOs. The accuracy and the precision of these measurements were
better than 5%, as estimated from the reported values of a reference rock JCh-1 (chert;

Imai et al., 1996) and the repeated measurements of chert samples.

8.3.2 XAF'S analysis

XAFS is a powerful tool used to determine the electronic structure and the
neighboring elements from X-ray absorption. The XAFS spectrum is divided into two
energy regions: X-ray absorption near edge structure (XANES) and extended X-ray
absorption edge structure (EXAFS). The former gives information about electronic
states (valence) and the symmetry of the coordination environment. The latter is
sensitive to the local structure of the center atom absorbing the incident X-ray (Fe in
this case), including the interatomic distances and coordination numbers of the
neighboring atoms. Although the origins of XANES and EXAFS differ, both methods
enable us to identify the chemical species of the center atom or the mineral in a

sample.

8.3.2.1 Iron K-edge XANES

In this study, the Fe K-edge (7111 eV) XANES spectra were measured at the
BL-12C of Photon Factory (PF; Tsukuba, Japan) and at the BL-01B1 of SPring-8
(Hyogo, Japan). The XANES spectra obtained in these two beamlines were identical.
Prior to the measurements, the X-ray energy was calibrated with the pre-edge peak
maximum of hematite at 7114 eV. The XANES spectra of the reference materials,

pyrite, fayalite, chlorite, hornblende, illite, smectite, magnetite, goethite, and hematite,
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were measured in transmission mode, while the spectra of the chert samples were
measured in fluorescence mode using a 19-element germanium (Ge) semiconductor
detector. Clay minerals, including illite (IMt-1), smectite (SWy-2), and chlorite
(CCa-2), were obtained from the Source Clays Repository of the Clay Mineral Society,
USA. After dry sieving, clay standards with grain sizes smaller than 20 um were
obtained. Minerals such as fayalite (Fe,SiO4), pyrite (FeS;), and hornblende were
obtained from Nichika Inc. (Kyoto, Japan). Magnetite (Fe;O4) was obtained from
Wako Pure Chemical Industries Ltd. Goethite and hematite were synthesized following
the method of Schwertmann and Cornell (2000). The measurements were conducted at
ambient pressure and temperature. The XANES spectra were analyzed using REX2000
software (Rigaku Co. Ltd.). The contributions of the various Fe species in each sample
were estimated by linear combination fitting (LCF) of each XANES spectrum with the
spectra of the reference materials. The LCF was conducted using no more than three
minerals in the energy range of 7100—7200 eV. The quality of the fit was given by the

residual value, the goodness-of-fit parameter R, defined by

oo 2L, (B —x, B

(8-1)
Y[x,, (E)

where ¥obs(E) and yca(E) are the experimental and calculated absorption coefficients at
a given energy (FE), respectively. A smaller R value means a better fit in the LCF

procedure.

8.3.2.2 Iron K-edge EXAFS

To confirm and enhance the reliability of the XANES-LCF, Fe K-edge EXAFS
spectra were measured at BL-12C of PF or BL-01B1 of SPring-8. The EXAFS spectra
were measured for the R1-1, R2-2, R2-3 (Si-normal), R3-4 (Si-normal, Si-rich), R4-1,
R4-3, R4-4, and R5-1 areas in Section R. The EXAFS spectra of the reference
materials, pyrite, chlorite, hornblende, illite, smectite, magnetite, ferrihydrite, goethite,
and hematite, were measured in the transmission mode, while the spectra of chert

samples were measured in the fluorescence mode wusing a 19-element Ge
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semiconductor detector. The measurements were conducted at ambient pressure and
temperature. The EXAFS spectra were analyzed using Athena software (Ravel and
Newville, 2005). The energy unit was transformed from eV to A™' to produce the
EXAFS function y(k), where k (A™") is the photoelectron wave vector. The k*-weighted
EXAFS spectra were also fitted using the LCF of the reference materials in a k range
of 2-11.5 A™", depending on the spectral quality, by minimizing the residual of the fit,

which was given by the goodness-of-fit parameter R, defined by

Ylx,, (k) —x, (BT
Y[, ()T

(8-2).

Similar to Eq. 81, xbs(k) and xca(k) are the experimental and calculated absorption
coefficients at a given k, respectively, and a smaller R value means a better fit in the

LCF procedure.

8.3.2.3 Valence state analysis on Fe

Iron K-edge XANES has a pre-edge feature showing the oxidation state and the
coordination environment of an Fe atom. The pre-edge is located approximately 15-20
eV before the main K-edge of the XANES peak (Waychunas et al. 1983) and is related
to the electronic transitions from 1s to 3d and 4d, which are quadrupolar and dipolar
transitions, respectively (Driger et al., 1988). The shape and the amplitude of the
pre-edge reflect the variation of the electronic transitions, i.e., the pre-edge is highly

sensitive to Fe-bearing materials.

The pre-edge peak analysis was performed following the procedure reported by
Wilke et al. (2001) and Giuli et al. (2002). The contribution of the edge jump was
extracted from the background, which was fitted using a spline function to interpolate
before and after several eV of the pre-edge (Fig. 84A). After the subtraction of the
background related to the edge jump, the normalized pre-edge was fitted with a
combination of three Gaussian functions, and the centroid position of the peak was

defined as the weighted average of the three centroid energies of the Gaussian
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functions (Fig. 8-4B). Three Fe-bearing minerals, fayalite (divalent), magnetite
(valence state of 2.67), and hematite (trivalent), were used as standard materials to
prepare the calibration curve for the centroid position against the valence state (Fig. 8—
4C). The calibration line can be used to obtain the average oxidation state of Fe if all of
the Fe species are six-coordinated compounds, which is generally accepted for natural

Fe species (Wilke et al., 2001).

8.4 Results
8.4.1 Major element compositions

The results for the major element compositions are listed in Table 8—1. All of
the samples, except for R4-4, contained over 90 wt.% SiO,. In contrast, the Fe
concentration as Fe,Os in cherts is low, on average 0.66 wt.%, and varying from 0.06
to 2.04 wt.%. The chert samples from Section R showed similar Fe/Al ratios from 0.4
to 0.7 with an average of 0.57. Only one sample, R4-3, exhibited an Fe/Al ratio above
1. Figure 8-5 shows a ternary diagram based on the Al,Os, Fe,Os (total), and MnO
compositions that is used to estimate the formation environment of chert (Adachi et al.,
1986). All of the samples, except for R4-3, were plotted within the area of
non-hydrothermal origin. Although R4-3 was plotted at the rim of the
non-hydrothermal region in the ternary diagram, its value was far outside of the
hydrothermal origin. This means that the contribution of its hydrothermal origin can be

ignored, which allows us to treat this sample as being similar to the other cherts.

8.4.2 Iron K-edge XANES

The Fe K-edge XANES spectra of the reference materials used in the LCF are
shown in Fig. 8—6A, while the spectra of the chert samples with the fitting results listed
in Table 8-2 are shown in Figs. 8—6. Samples containing chlorite, such as R1-1, R2-2,
and R6-3 (r), showed a sharp peak at approximately 7126 eV and a shoulder at 7121

eV. In contrast, samples with major contributions from hematite gave spectra with a
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two-step peak and larger absorbance at the right side of the peak (7132 eV).

All the red cherts require hematite with illite and/or smectite to fit the measured
spectra. The best estimate of the mineral composition of the white chert (R2-2) is
chlorite and hornblende. The best LCF result for R1-1, green chert, is obtained with the
combination of chlorite, hornblende, and illite, although it could contain hematite due
to the transitional change of color from red to green at the outcrop. Only one sample,
R4-4, requires magnetite to fit the measured spectrum, while several samples from

upper part of the Section R contain goethite.

8.4.3 Iron K-edge EXAFS

The k’-weighted Fe K-edge EXAFS spectra of the reference materials used in
the EXAFS-LCF are shown in Fig. 8-7A. The EXAFS spectra of selected chert
samples with fitting results are listed in Table 8-3, and the contributions of each
mineral composition are shown in Figs. 8-8B and 8—8C. Although some samples show
several small fluctuations at higher k regions, the noise is small enough to observe
several characteristics. The k-space spectrum of R4-3 showed clear similarity to that of
hematite. The other spectra except for R1-1 and R2-2 were similar to that of R4-3,
such as large negative amplitude at k = 7 and 9, but showed slightly different structures.
For example, R2-3 had a small shoulder at k = 5.6 that corresponds to the presence of a
small amount of chlorite, while the flat peak around k = 6 for R4-4 reflects the
presence of a larger amount of smectite. In contrast, the EXAFS oscillations in the
spectra of R1-1 and R2-2 were different from those of the red cherts, and slightly
shifted to the left side compared to the other chert samples, which also can be due to
the presence of chlorite. A positive amplitude for the white and green cherts at k = 5.6

corresponds to that of chlorite.

It should be noted that the EXAFS-LCF showed different end-member mineral
compositions from those of XANES-LCF for R1-1, R2-2, R3-4 (both Si-rich and
Si-normal), R4-1, R4-3, and R5-1. In the case of R4-3, goethite, which is required to

achieve the better fit based on the XANES-LCF, is not necessarily among the
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end-member minerals in the EXAFS-LCF. In the cases of the green and the white
cherts, the XANES-LCF required hornblende. However, the EXAFS fitting needed
magnetite instead of hornblende for a better fit. It is interesting that the end-member

mineral composition is almost the same for the green and the white cherts.

8.4.4 Valence state analysis

The result of the valence analysis based on the pre-edge analysis is also shown
in Table 8-2. Figure 8-8 shows the relationship between the Al-normalized Fe
concentration and the average valence state of Fe along the geologic column. Except
for one sample (R4-3), the Fe/Al ratios were almost constant irrespective of their color
and type. This means that the source of chert can be constant through the Carnian.
The sample with the high Fe/Al ratio exhibited the highest value for the average
valence state of Fe beyond the analytical error. Most of the red chert had an average
valence state of 2.5-2.6, although the LCF analysis showed the existence of hematite
(Fe’) in the red chert. The white (R2-2) and the green cherts (R1-1), which were free
of hematite, had a larger amount of reduced Fe. Because the average Fe valence state
in the red cherts is almost constant through Section R, the degree of alteration can be

similar except for R1-1 at the lowermost part of the studied section.

8.5 Discussion
8.5.1 Fe-bearing minerals determined using XAFS

The XANES-LCEF results showed that all the red cherts contained hematite and
clay minerals such as chlorite, illite, or smectite, while the white and the green cherts
did not contain hematite. The red chert can reflect the existence of hematite, as
indicated by Matsuo et al. (2002) and Sato et al. (2011). Clay minerals incorporated
into chert can be an important source of Fe because our analysis shows that all the
samples collected from Section R contain some clay minerals. The difference between

the red and the violet colored cherts cannot be reflected in their mineral compositions

186



in XANES analysis. A mineral in the white and the green chert is also not clearly
identified by XANES analysis. However, the absence of hematite, which was further
confirmed by EXAFS analysis, can be the major factor that controls the color of the
white and the green colored chert (Matsuo et al., 2002). Regarding the EXAFS analysis,
the red chert, especially R4-3 from the middle part of the Section R, showed k-space
spectra that were similar to those of hematite. This means that hematite can be
incorporated in chert in particulate form because, if Fe forms bonds with Si via O, then
the Fe-O-Si bond should have a different EXAFS oscillation from that of the Fe-O-Fe
bond, which is not the case in these samples. The EXAFS-LCF showed the existence
of chlorite in the R2-3 (Si-normal) sample having the largest amount of chlorite among
the red cherts according to XANES analysis. Although Sato et al. (2011) suggested the
possible presence of chlorite in chert samples, this type of identification of clay
minerals is difficult using >’Fe Mdssbauer spectroscopy, showing the effectiveness of

XAFS as an alternative tool to identify the Fe minerals in cherts.

The notable result obtained by the EXAFS analysis is that, except for R2-3
(Si-normal), the end-member mineral compositions are different from those estimated
by XANES-LCF. This difference can be due to the similarity of the XANES spectra of
the reference materials. The absorption peaks of some reference materials, such as
chlorite, hornblende, magnetite, and goethite, are located at similar positions (Fig. 8—
6A). The absorption peaks of illite and smectite are also located at similar energies.
In contrast to XANES spectra, the k’-weighted EXAFS spectra of the reference
materials show different shapes that are sufficient to distinguish each contribution. A
comparison between the XANES and the EXAFS results is summarized in Table 8—4.
In the case of the green and the white cherts (R1-1 and R2-2, respectively), the absence
of hornblende was estimated, although the XANES analysis required hornblende to
achieve the minimum fitting error. Meanwhile, magnetite, which is not included in
XANES-LCEF, is needed to attain the better EXAFS fit. At least for the green chert, the
presence of magnetite is preferred because the field observations showed that the color
of R1-1 gradually changed from red to green, which may reflect alteration during the

diagenesis as suggested by Sato et al. (2011). Thus, the XANES-LCF for the white and
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the green cherts with end-member minerals determined by EXAFS-LCF was
performed. A small increase in the fitting error (less than twofold) in the XANES-LCF
using the minerals determined by the EXAFS is observed for the green chert. The
assumption of hornblende can be caused by the similarity of the XANES spectra for
hornblende and magnetite. On the other hand, an almost threefold increase in the
fitting error is obtained for the white chert when performing XANES-LCF with
minerals determined by EXAFS. Because the quality of the EXAFS spectrum of the
white chert is poor due to the small abundance of Fe, the fitting result was not good
compared to the other samples. Similar to the green and the white cherts, the
reexaminations of the XANES-LCF using minerals determined by EXAFS was also
performed. As shown in Table 84, the XANES-LCF without assuming goethite could
not achieve the minimum fitting error, but a significant increase in the fitting error was
not observed by omitting goethite from the end-member minerals except for R6-1 from
the late Carnian period. This suggests that goethite may not be contained in the red
cherts of Section R. Samples that were estimated to contain chlorite by the best
XANES-LCF (R3-4 and R4-1) also showed a significant increase in the fitting error
when the LCF was performed by assuming the mineral composition determined by
EXAFS-LCF. This suggests that (i) the sensitivity to the X-ray energy for
XANES-LCF provides different mineral combinations than EXAFS results or (ii) other
Fe-bearing minerals, for which we did not measure the XAFS as reference material

spectra, may be incorporated into the white chert.

8.5.2 Changes in mineral composition through Section R from Ladinian to Carnian

Applying the results listed in Table 84, the stratigraphic changes in the
Fe-bearing mineral compositions are summarized in Fig. 8-9. Except for an R2-3
(Si-rich) sample from 5.6 m from the bottom of Section R, early Carnian, the
contribution of chlorite to Fe-bearing minerals in the red cherts is not greater than 20%.
The gradual decrease of the chlorite abundance is observed at the lower part of Section

R corresponding to the late Ladinian. In the unit 2 of the early Carnian, the chlorite
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composition also decreased successively toward the upper part of the unit. Compared
to the upper part of unit 2, a slight increase in chlorite is observed from R3-2, at the
middle part of unit 3. From the middle to the upper part of unit 3, the chlorite
abundance gradually decreased again and was absent from R3-3. Instead of the
absence of chlorite, smectite appears from R3-3 toward R5-2 in the middle to late
Carnian. Neither chlorite nor smectite are observed from the middle part of the unit 5
(R5-3) to the lower part of the unit 6 (R6-2). The chlorite is, once again, observed in
the uppermost sample (R6-3) in the late Carnian. As a whole, the relatively stable
mineral composition shown in unit 2 at the early Carnian is significantly disturbed
from the upper part of unit 3 to the lower part of unit 5, and returns from the middle

part of unit 6.

According to the presence and/or absence of chlorite and smectite, the red
cherts from the Section R can be divided into three parts: (i) those with relatively
stable mineral compositions (chlorite + illite + hematite) observed in cherts from the
early to the middle Carnian, (ii) the abrupt absence of chlorite and the presence of
smectite from the middle Carnian, and (iii) the recovery of the mineral composition in
R6-3 in the late Carnian. In general, chlorite and illite form under dry and cool
conditions, whereas smectite forms under humid and warm conditions (Chamley,
1989; Weaver, 1989; Fiirsich et al., 2005). Although chlorite can also form by
hydrothermal alteration, the Al-Fe-Mn ternary diagram discards the possibility of a
hydrothermal origin (Fig. 8-5). There is also the possibility that diagenesis is the
source of the chlorite because the chrolitization (and also the illitization) of smectite
can occur owing to diagenetic alteration (e.g., Morad et al., 2000). However, average
valence state of Fe in red cherts is almost consistent and higher than that of slightly
altered green chert (R1-1), suggesting that the diagenesis is not significant for these
samples (Fig. 8-8). In any case, our notable results show that the mineral composition
of the chert dramatically changed from the middle of the Section R, which were proven
to correspond to the middle Carnian. The change in mineral composition can be closely
related to the climate conditions (Chamley, 1989; Weaver, 1989; Fiirsich et al., 2005),

and we discuss Carnian environmental changes in the following section.
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8.5.3 Implication for Carnian environment

Drastic environmental changes related to the CPE, such as a humid climate and
the related demise of the carbonate platform, have been reported from the middle
Carnian strata located around the Tethys realm (e.g., Schlager and Schollnberger,
1974; Simms and Ruffell, 1989, 1990; Donofrio, 1991; Hornung and Brandner, 2005;
Lehrmann et al., 2005; Hornung et al., 2007a, 2007b; Roghi et al., 2010; and
references therein), Western Pangea (Prochnow et al., 2006; Colombi and Parrish,
2008), and the Boreal region (Hochuli and Vigran, 2010; Bragin et al., 2012). The
maximization of the monsoon circulation in the Late Triassic was presumed to be
associated with the two events that occurred at the Colorado Plateau located in
westernmost equatorial Pangea and Australia at the higher latitudes of Southeast
Pangea (Parrish, 1993). If the trade wind was enhanced by the strengthened monsoon
(Kutzbach and Gallimore, 1989; Parrish, 1993; Colombi and Parrish, 2008), then the
amount of mineral dust transported to the pelagic ocean should have increased. A wet
climate due to the increased precipitation around the source regions of the dust could
decrease the dust provision. The stratigraphic variation of the mineral composition

observed in the current study can reflect dry or wet conditions in Pangea.

According to model simulations of the surface winds (Kutzbach and Gallimore,
1989), dust delivered to the depositional area of chert examined in our study largely
originated in western Pangea (Fig. 8—1). A multi-proxy paleosol study on continental
deposits created in a fluvial environment that was located between 5° and 15°N of the
paleoequator during the Triassic showed increased amounts of rainfall in the middle
Carnian and returned to semiarid conditions by the Carnian—Norian boundary (8 in Fig.
8—1; Prochnow et al., 2006). A taphonomy study of the plants on the terrigenous site
located between 40° and 45°S of the paleoequator during the Triassic also showed
increasing humidity during the middle Carnian and a return to the dry seasonal climate
(9 in Fig. 8-1; Colombi and Parrish, 2008). On the basis of combining these two
previous studies performed along the western Pangea with the surface wind simulation,
it is expected that the mineral composition in the pelagic environment can record the

variation from a dry to a wet climate followed by the return to a dry climate.
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The stratigraphic changes in the mineral composition shown in the Section R
can be considered as follows. First, the relatively stable mineral compositional ratios
shown in the cherts from unit 2 to the middle part of unit 3 at the early to middle
Carnian were deposited before the CPE under dry climate conditions (Fig. 8—10A).
Second, the sudden disappearance of chlorite and the presence of smectite observed
from upper part of unit 3 to the lower part of unit 5 occurred by means of increasing
amounts of rainfall, corresponding to the CPE period (Fig. 8-10B). The primary
formation of chlorite should decrease, whereas smectite should form due to the
increasing humidity in the continental area. In addition, increased precipitation around
the source region should decrease the dust provided to the pelagic environment. Finally,
the appearance of chlorite and the recovery of the mineral composition ratios observed
in R6-3 at the late Carnian reflect the return to a dry climate similar to the climate prior
to the CPE (Fig. 8-10C). Therefore, the change in the mineral composition observed
from the middle to the late Carnian pelagic chert greatly responds to climate changes

on the Pangea.

Kozur and Bachman (2010) suggested that the duration of the CPE was 0.7-0.8
myr based on chronological data from the northwestern Tethys. Meanwhile, the mean
depositional rate of the Triassic bedded chert in the Inuyama area was estimated to be
1.6-2.1 mm/kyr (Ikeda et al., 2010). The average duration of one chert-mudstone
couplet was assumed to be approximately 20 kyr. The thickness of chert, which
includes smectite (R3-3 to R5-2), is 875 mm. Assuming that the CPE began at the
middle of R3-2 and R3-3 and continued until the midpoint between R5-2 and R5-3, the
total thickness deposited during the CPE is calculated to be 1.82 m. Although the
identification of a single chert layer was difficult for F-type bedded chert in unit 3, we
verified 14 and 28 couplets of chert-muddy layers from R5-1 to R5-2 and from R5-2 to
R5-3, respectively. Given that the CPE continued until a time that was intermediate
between R5-2 and R5-3, the duration of the wet climate in unit 5 is calculated to be
0.56 myr with a thickness of 1.16 m. If this relationship is extrapolated to the total
thickness of the estimated CPE period (1.82 m), the duration is calculated to be 0.88

myr. The calculated duration of the CPE period is almost consistent with the previous
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estimate by Kozur and Bachman (2010), suggesting that the stratigraphic change in
Fe-bearing mineral composition observed in the current study reflects continental

climate change.

The input of Fe-bearing clay minerals, namely chlorite, illite, and smectite, to
the ocean might also play an important role for the biological productivity, which is
strongly controlled by the input of dissolved mineral nutrients (e.g., Herring, 2002).
Our analysis showed that illite was mostly included in the cherts through Section R.
The primary form of chlorite was observed from the low to the middle (units 1-3) and
the uppermost (R6-3) part of Section R, while smectite was observed from the middle
to the upper part (Fig. 8-9). Interestingly, the deposition of F-type chert is roughly
consistent with the supply of primary formed chlorite, while the B-type chert occurs
when there is a lack of chlorite. The lower part of unit 1 may be exceptional because
the cherts with greenish color most likely are altered, which is reflected by the average
valence state of Fe (Fig. 8-8). It is generally suggested that the solubility of Fe
increases when the mineral Fe content decreases (e.g., Journet et al., 2008; Trapp et al.,
2010). In other words, Fe incorporated in clay minerals or feldspar has greater
solubility than Fe in (hydr-)oxides such as hematite. In the case of these chert samples,
F-type chert is believed to be deposited under conditions of greater biological
productivity than B-type chert (Sugiyama, 1997). Thus, it is possible that the
mineralogical composition of these cherts corresponds to the types that can be reflected
by the biological productivity. Trace element analysis, such as Sr and Ba, can provide

evidence for contemporaneous biological productivity.

8.6 Conclusions

This study attempted to determine the Fe species in chert samples using XAFS
analysis. The XANES analysis showed that all the red chert contained hematite, while
the green and the white cherts did not. The incorporation of chlorite is suggested for
some of the red, the green, and the white cherts, which is further confirmed by EXAFS

analysis. The average valence state of Fe is lower in the green and the white cherts
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than in the red chert, which can be due to the reduction of hematite.

The stratigraphic change in the Fe-bearing minerals was observed at the middle
Carnian, and it is suggested that (i) the relatively stable mineral compositional ratios
observed from unit 2 to the middle part of unit 3 corresponding to the early to middle
Carnian reflect dry climate conditions in the source region, (ii) the significant
perturbation in the mineral composition suddenly observed from the upper part of unit
3 to lower part of unit 5 at the middle Carnian reflects wet climate conditions known as
the CPE, and (iii) the appearance of chlorite and the recovery of mineral composition
ratios observed in R6-3 at the late Carnian indicate the return to dry climate conditions
similar to those prior to the CPE. In consideration with the modern ocean environment,
the increased input of reduced Fe in chlorite or smectite affects the biological
productivity. Although additional data such as trace element analysis may be necessary,
this study shows that the drastic but brief environmental change in the continental area

is preserved in the pelagic chert samples.
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Table 8—1. Major element compositions (%) of chert samples collected in this study.

Samples Si0, TiO,  ALO; Fe,0O;* MnO  MgO CaO Na,O K,0 P,0s Total  Fe/Al
R6-3 (Si-rich) 97.3 0.026 0.731 0332 0.021 0.098 0223 0214 0.166 0.096 99.22 0.45
R6-3 (Si-normal) 93.2 0.064 1.44 0.804 0.043 0.132 0.030 0489 0497 0.114 96.85 0.56
R6-2 (Si-rich) 97.1 0.033 0.739 0423 0.045 0.108 0.028 0.198 0.296 0.084  99.05 0.57
R6-2 (Si-normal) 93.3 0.078 1.68 0908 0.091 0.144 0.035 0434 0.748 0.085 97.48 0.54
R6-1 94.6 0.057 1.39 0.764  0.069 0.130 0.033 0411 0.599 0.082 98.11 0.55
RS5-3 92.4 0.079 1.80 1.12 0.082 0.134 0.038 0.509 0.840 0.088 97.11 0.62
R5-2 94.5 0.069 1.44 0.838 0.021 0.117 0.032 0355 0.640 0.078 98.11 0.58
R5-1 93.6 0.077 1.56 1.06 0.024  0.119 0.035 0464 0.655 0.071 97.70 0.68
R4-4 85.8 0.160 3.16 1.55 0.037 0.162 0.048 0.836 1.55 0.071 9336 0.49
R4-3 91.4 0.071 1.59 2.04 0.032 0.114 0.039 0476 0.800 0.070  96.59 1.29
R4-2 92.9 0.083 1.73 0.879 0.050 0.115 0.042 0491 0.844 0.070 97.22 0.51
R4-1 93.8 0.052 1.26 0.577 0.028 0.573 0.040 0340 0.619 0447 97.70 0.46
R3-4 (Si-rich) 97.2 0.031 0.721 0331 0.031 0.096 0.024 0248 0.282 0.083  99.07 0.46
R3-4 (Si-normal) 94.5 0.058 1.22 0.693 0.116 0.115 0.031 0479 0.510 0.091 97.84 0.57
R3-3 (Si-rich) 98.2 0.020 0.49 0.251 0.012 0.134 0.027 0.161 0.197 0.105  99.60 0.51
R3-3 (Si-normal) 93.2 0.086 1.61 0.886  0.025 0307 0.042 0470 0.796 0204 97.58 0.55
R3-2 (Si-rich) 99.1 0.010 0.264 0.108 0.004 0.096 0.023 0.050 0.093 0.047 99.80 0.41
R3-2 (Si-normal) 95.8 0.054 1.03 0.527 0.015 0.119 0.029 0325 0460 0.097 98.50 0.51
R3-1 (Si-rich) 98.6 0.017 0454 0201 0.007 0.095 0.027 0.099 0.187 0.085 99.75 0.44
R3-1 (Si-normal)  96.0 0.049 0970 0.556 0.016 0.122 0.032 0277 0428 0.097 98.57 0.57
R2-5 (Si-rich) 98.7 0.013 0357 0223 0.008 0.081 0.023 0.104 0.134 0.080 99.71 0.62
R2-5 (Si-normal) 97.8 0.026 0.548 0.357 0.009 0.097 0.023 0.148 0.225 0.084 99.35 0.65
R2-4 (Si-rich) 98.7 0.013 0351 0217 0.010 0.100 0.024 0.099 0.124 0.090 99.76 0.62
R2-4 (Si-normal) 95.8 0.053 1.04 0.651 0.018 0.116 0.025 0282 0.406 0.086 98.45 0.63
R2-3 (Si-rich) 97.3 0.028 0.691 0389 0.022 0.103 0.029 0206 0279 0.104 99.12 0.56
R2-3 (Si-normal)  96.0 0.048 0977 0.639 0.033 0.127 0.036 0293 0402 0.092 98.65 0.65
R2-2 99.3 0.005 0.127 0.060 0.012 0.056 0.010 0.031 0.037 0.058 99.66 0.48
R2-1 (Si-rich) 98.9 0.015 0353 0.208 0.071 0.080 0.018 0.061 0.143 0.044 99.88 0.59
R2-1 (Si-normal)  95.0 0.058 1.24 0.753  0.102 0.105 0.031 0328 0.528 0.086 98.27 0.61
R1-3 93.1 0.084 1.87 0957 0.041 0.149 0.043 0412 0928 0.090 97.63 0.51
R1-2 93.3 0.077 1.65 1.00 0.073  0.160 0.042 0.422 0.775 0.113  97.56 0.61
R1-1 94.5 0.064 1.44 0.673  0.024 0.148 0.033 0311 0.624 0.129 97.93 0.47

* Total Fe as Fe,O3
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Table 8-2. The LCF result of Fe K-edge XANES and valence state analysis.

Py Fa Chl Hbl 111 Sm Mag Goet Hem R (%)  Valence
R6-3 (Si-rich) 14 53 33 0.009 2.54
R6-3 (Si-normal) 4 49 47 0.008 2.56
R6-2 (Si-rich) 37 63 0.010 2.60
R6-2 (Si-normal) 41 18 41 0.008 2.57
R6-1 28 38 34 0.008 2.59
R5-3 33 23 44 0.010 2.71
R5-2 29 15 56 0.007 2.55
R5-1 17 29 53 0.010 2.50
R4-4 42 25 33 0.015 242
R4-3 19 31 50 0.008 2.85
R4-2 53 26 21 0.011 2.59
R4-1 20 57 23 0.010 2.49
R3-4 (Si-rich) 26 37 37 0.014 2.53
R3-4 (Si-normal) 23 35 42 0.013 2.55
R3-3 (Si-rich) 57 18 25 0.008 2.72
R3-3 (Si-normal) 37 17 46 0.008 2.52
R3-2 (Si-rich) 9 50 41 0.008 2.46
R3-2 (Si-normal) 3 61 36 0.008 2.54
R3-1 (Si-rich) 14 46 40 0.010 2.49
R3-1 (Si-normal) 18 33 49 0.011 2.51
R2-5 (Si-rich) 8 49 43 0.008 2.65
R2-5 (Si-normal) 3 45 52 0.007 2.58
R2-4 (Si-rich) 18 38 44 0.008 2.52
R2-4 (Si-normal) 7 42 51 0.007 2.61
R2-3 (Si-rich) 29 33 38 0.014 2.47
R2-3 (Si-normal) 29 26 45 0.015 2.55
R2-2 35 65 0.012 2.28
R2-1 (Si-rich) 16 32 52 0.009 2.40
R2-1 (Si-normal) 19 37 44 0.010 2.60
R1-3 9 42 49 0.010 2.55
R1-2 23 29 48 0.014 2.52
RI1-1 37 36 27 0.012 2.30

Py: pyrite; Fa: fayalite; Cho: choorite; IlI: illite; Sm: smectite; Mag: magnetite; Goet:
goethite; Hem: hematite

Note that R (%) is calculated using Eq. 8-1.
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Table 8-3. The LCF results of Fe K-edge EXAFS.

Py Fa Chl Hbl 111 Sm Mag Goet Hem R (%)
R5-1 42 5 53 0.134
R4-4 57 3 40 0.092
R4-3 36 64 0.041
R4-1 50 14 36 0.056
R3-4 (Si-rich) 28 38 34 0.177
R3-4 (Si-normal) 27 34 39 0.112
R2-3 (Si-normal) 15 45 40 0.055
R2-2 50 33 17 0.172
R1-1 52 32 16 0.092

Py: pyrite; Fa: fayalite; Cho: choorite; IlI: illite; Sm: smectite; Mag: magnetite; Goet:
goethite; Hem: hematite

Note that R (%) is calculated using Eq. 8-2.
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Table 8—4. Comparison between XANES- and EXAFS-LCF.

Py Fa Chl Hbl 111 Sm Mag Goet Hem R (%) Note
R6-2 (Si-rich) 39 15 46 0.008 (a)
38 62 0.009 (d
R6-2 (Si-normal) 42 19 39 0.007 (a)
40 60 0.009 (©)]
R6-1 27 37 36 0.008 (a)
35 65 0.019 (d
R5-3 33 23 44 0.008 (a)
32 68 0.010 (©)]
R5-2 37 15 48 0.008 (a)
36 64 0.009 (d
R5-1 17 29 53 0.010 (a)
42 5 53 0.134 (b)
6 50 44 0.021 (c)
R4-4 40 27 33 0.015 (a)
57 3 40 0.092 (b)
7 57 36 0.019 (c)
R4-3 19 31 50 0.008 (a)
36 64 0.041 (b)
16 84 0.012 (c)
R4-1 20 57 23 0.010 (a)
50 14 36 0.056 (b)
69 10 21 0.027 (c)
R3-4 (Si-rich) 26 37 37 0.014 (a)
28 38 34 0.177 (b)
72 4 24 0.031 (c)
R3-4 (Si-normal) 23 35 42 0.013 (a)
27 34 39 0.112 (b)
69 5 26 0.030 (c)
R3-3 (Si-rich) 57 18 25 0.008 (a)
56 44 0.010 (©)]
R2-3 (Si-normal) 29 26 45 0.015 (a)
15 45 40 0.055 (b)
R2-2 35 65 0.012 (a)
50 33 17 0.172 (b)
52 1 47 0.035 (c)
RI1-1 37 36 27 0.012 (a)
52 32 16 0.092 (b)
46 25 29 0.017 (c)

Py: pyrite; Fa: fayalite; Cho: choorite; IlI: illite; Sm: smectite; Mag: magnetite; Goet:
goethite; Hem: hematite

Note the best LCF results based on the XANES analysis, (b): the best LCF results based
on the EXAFS analysis, (¢c) XANES-LCF based on the mineral compositions
determined by EXAFS-LCF, and (d): XANES-LCF without goethite.
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Fig. 8-1. The paleogeography of the Late Triassic modified after Scotese (2004) and
Golonka (2007). The light gray area with solid black lines denotes shallow sea. The
circles denote areas where the studies of the CPE have been performed, and the
numbers show each study as follows: 1: Northern Calcareous Alps (Schlager and
Schollnberger, 1974; Hornung and Brandner, 2005; Roghi et al., 2010); 2: Southern
Alps (Hornung et al., 2007a); 3: North Curry Sandstone Member and Arden Sandstone
Member (Simms and Ruffell, 1989, 1990); 4: Aghdarband, NE Iran (Donofrio, 1991);
5: Parautochthonous Complex, Timor (Martini et al., 2000); 6: Yangtze platform, South
China (Lehrmann et al., 2005); 7: Spiti Valley, Northern Indian Himalaya (Hornung et
al., 2007b); 8: paleosols from Chinle Formation (Prochnow et al., 2006); 9:
Ischigualasto Formation (Colombi and Parrish, 2008); 10: core samples from Barents
sea (Hochuli and Vigran, 2010); 11: Sheina and Tikhaya Reka Formations in Kotel’nyi
Island (Bragin et al., 2012). The red area indicates the estimated depositional area of the
chert samples used in this study (Ando et al., 2001), and the dashed arrows suggest the

simulated surface winds by Kutzbach and Gallimore (1989).
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Fig. 8-2. Geological map of the Inuyama area, Central Japan (after Yao, 1980).
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Fig. 84. (A) Magnification of the pre-edge. The circle denotes the measured
absorbance, the dotted line shows the background spectrum calculated using a spline
function, and the quarry is the normalized absorbance. (B) Pre-edge analysis of three
standards. The circle denotes the normalized absorbance, the dotted line shows the
Gaussian functions, and solid line is the sum of the Gaussian functions. (C) Calibration

curve for the valence calculation.
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Fig. 8-6. Iron K-edge XANES spectra of (A) standard minerals used to fit the measured
chert samples and (B)—(E) chert samples analyzed in this study. The solid black line
denotes the measured spectra, and the gray circle shows results from the fit using the

parameters listed in Table 8-2. Note that (n) denotes the Si-normal part of F-type chert.
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Fig. 8-7. Iron K-edge EXAFS spectra of
(A) standard minerals used to fit the
measured chert samples and (B) and (C)
selected chert samples with fitting
results and contributions of the end-
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black line denotes the measured spectra,
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of F-type chert.
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Fig. 8-10. Schematic illustrations through the Carnian pelagic environment. (A) Before
the CPE period and corresponding to stage I in Fig. 8-9. The climate in the continental

area was dry, which resulted in the supply of chlorite, illite, and hematite to the ocean.
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Fig. 8-10. Schematic illustrations through the Carnian pelagic environment (continued).
(B) The CPE period corresponding to stage II in Fig. 8-9. The increased precipitation
resulted in the primary formation of smectite instead of chlorite in the source area. It is
expected that the amount of dust delivered to the ocean decreased relative to the

pre-CPE period.
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Fig. 8-10. Schematic illustrations through the Carnian pelagic environment (continued).
(C) The post CPE period corresponding to stage III in Fig. 8-9. The continental
environment recovered totally and resembled the period prior to the CPE, which
resulted in the supply of the chlorite + illite + hematite combination. The amount of dust
was larger than during the CPE period (B). The pink sediment shows B-type bedded
chert, while the red color denotes F-type chert.
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Chapter 9

Iron and sulfur species in deep-sea pelagic chert determined by XAFS:
Implication for the gradual recovery from oceanic acidification during
the Toarcian Ocean Anoxic Event (T-OAE)

9.1 Chapter introduction

In the Jurassic period, the Early Toarcian oceanic anoxic event (T-OAE) has
been suggested by the negative excursion of carbon isotopic ratios (8'°C) observed in
marine organic and inorganic matters (e.g., Jenkyns and Clayton, 1986; Schouten et al.,
2000; Kemp et al., 2005), marine carbonate (e.g., Selen et al., 2000; Rohl et al., 2001),
and terrestrial plants (Hesselbo et al., 2000; 2007) (Fig. 9-1). In addition to the §"°C
excursion, organic carbon burial has been suggested to globally increase (Jenkyns,
1988; Jenkyns et al., 2002). It has been suggested that the '*C enrichment in the carbon
cycle is caused by the catastrophic release of methane dissociated from methane hydrate
(Hesselbo et al., 2000; Kemp et al., 2005), which could be triggered by the large scale
eruptions in the Karoo-Ferrar basaltic province (Palfy and Smith, 2000). The event is
associated with the increase in the atmospheric CO, (McElwain et al., 2005), sudden
rise in seawater palaeotemperatures (Bailey et al., 2003; Rosales et al., 2004), 4- to
8-fold increase in global weathering rates (Cohen et al., 2004; Waltham and Grocke,
2006), which resulted in seawater acidification prior to and during the T-OAE
(Hermoso et al., 2012), and the mass extinction of terrestrial (Benton, 1995) and marine
organisms (Harries and Little, 1999; Bucefalo et al., 2002). Not only the carbon cycle,
widespread marine anoxia significantly perturbed sulfur cycle and a modeling estimated

that marine sulfate concentrations were 4 to 8 mM (Gill et al., 2011).

Although several studies have been performed so far, these studies mainly
focused on the isotopic ratios and modeling, and discussion based on the speciation of
redox-sensitive elements has not sufficiently been performed. Iron-57 Mossbauer
spectroscopy can distinguish Fe-bearing minerals such as hematite, goethite, pyrite, etc.

(e.g., Sato et al., 2009). The Mdssbauer spectroscopy can also show the existence of
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paramagnetic Fe*" and/or Fe", but detailed classification, namely kind of clay minerals
incorporated in chert, is difficult. In particular in *’Fe Mossbauer spectroscopy, the
peaks of pyrite and that of paramagnetic Fe’*, originated from clay minerals and/or
hydrated Fe’" oxides (Manning and Ash, 1979), locate very close each other, which
requires an assumption of the existence of either pyrite or paramagnetic Fe’”. This fact
means that if pyrite and Fe’'-bearing minerals coexisted in samples, identification of

each contribution is difficult.

In this study, therefore, X-ray absorption fine structure (XAFS) analysis was
used to determine the iron (Fe) and sulfur (S) species in chert samples collected from
the Tamba-Mino-Ashio Belt of Japan. Similar to the Mdssbauer spectroscopy, XAFS is
a nondestructive analysis, which requires only a small amount of sample (less than 100
mg). XAFS is highly element-selective analysis because an element has its specific
absorption edge in the X-ray region, which enables us to determine Fe species if the Fe
concentration in the sample is above a few dozens of ppm. Highly element-sensitive
property also enables to determine the multi-element of the same sample as will be

performed in this study.

9.2 Samples and Methods
9.2.1 Chert samples

Bedded chert samples analyzed in this study were collected from the
Tamba-Mino-Ashio Belt, a Paleozoic-Mesozoic accretionary complex in Inuyama area,
central Japan (Fig. 9-2). In this area, Triassic-Jurassic bedded chert and clastic rocks
sequence forms thrust pile structure and the section is called as CH-1, CH-2, CH-3, and

CH-4 in structurally ascending order (Yao et al., 1980).

Black and gray cherts were collected from Katsuyama section located in the
northern part of Inuyama area. The biostratigraphy of this section has been well studied
(Hori, 1990, 1993, 1997, Takeuchi, 2001; Matsuoka, 2004) and revealed that the section
consists of lower Triassic to lower Jurassic bedded chert with thickness of >100 m (Hori,

1993; Matsuoka et al., 1994). Black chert which is suggested to be deposited during
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T-OAE (Grocke et al., 2011) and gray cherts which have deposited before and after the
black chert, named as gray (E) and gray (W) respectively, were collected from this

section.

9.2.2 Major element analysis

Major compositions of black and gray cherts collected from Katsuyama section
were determined using a Rigaku ZSX-10le X-ray fluorescence spectrometer (XRF).
About 2 g of powdered chert sample was mixed with a flux composed of 20% Li,B40;
and 80% LiBO, (Johnson-Matthy, Spectro flux 100B). Samples and flux were placed
into an agate mortar with 0.6 g of LiNOs serving as an oxidant. After the
homogenization, the material was put into a platinum crucible and melted at 1200 °C.
After the melting for 6 min., the crucible was placed on a cooling fan, which made a
glass bead. Since chert samples used here can be enriched in organic materials,
powdered cherts were heated at 980 °C before the mixing with flux, which enabled to
determine the loss of ignition (LOI). Analytical conditions using XRF were 50 kV
accelerating voltage and 50 mA beam current with rhodium K,, L, and Lg;, and
tungsten K, and L, sources. Accuracy and precision of these measurements were better
than 3%, as estimated from the reported analysis of a reference rock JCh-1 (chert; Imai

et al., 1996) and the repeated measurements of all the chert samples, respectively.

9.2.3 XAF'S analysis

XAFS is a powerful method to determine the electronic structure and
neighboring element using the absorption of X-ray. The XAFS spectrum is divided into
two energy regions: X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS). The former gives information of electronic state
(valence) and symmetry of coordination environment. The latter is sensitive to local
structure of the center atom absorbing the incident X-ray (= Fe and S in this case)
including such as interatomic distances and coordination numbers of neighboring atoms.

Both XANES and EXAFS, though their origins are different, enable us to identify the
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chemical species of the center atom, or the mineral if the atom forms certain mineral in

the samples.

9.2.3.1 Iron K-edge XANES

In this study, Fe K-edge (7111 eV) XANES spectra were measured at BL-01B1
at SPring-8 (Hyogo, Japan). Prior to the measurements, the X-ray energy was calibrated
with the pre-edge peak maximum of hematite at 7114 eV. XANES spectra of reference
materials, pyrite, fayalite, chlorite, hornblende, illite, magnetite, goethite, and hematite,
were measured in transmission mode, whereas those of chert samples were measured in
fluorescence mode using a 19-element germanium (Ge) semiconductor detector. The
measurements were conducted under ambient pressure and temperature. Obtained
XANES spectra were analyzed using a REX2000 software (Rigaku Co. Ltd.).
Contribution of various Fe species to each sample was estimated by calculating the
XANES spectra of the unknown samples by the linear combination fitting (LCF) of the
spectra of known reference materials. The LCF was conducted using no more than three
minerals in the energy ranges of 71007180 eV. The quality of the fit was given by the

residual value, the goodness-of-fit parameter R, defined

oo 2L, (B —x, B
S[x,, ()]

O-1)

where Yobs(E) and xca(E) are the experimental and calculated absorption coefficients at
a given energy (E), respectively. The smaller R value means the better fit in the LCF

procedure.

9.2.3.2 Iron K-edge EXAFS

To confirm and enhance the reliability of LCF, Fe K-edge EXAFS spectra were
measured at BL-12C at Photon Factory (PF; Tsukuba, Japan). EXAFS spectra of
reference materials, pyrite, chlorite, hornblende, illite, magnetite, goethite, and hematite,

were measured in transmission mode, whereas those of chert samples were measured in
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fluorescence mode using a 19-element Ge semiconductor detector. The measurements
were conducted under ambient pressure and temperature. Obtained EXAFS spectra
were analyzed using Athena software (Ravel and Newville, 2005). The energy unit was
transformed from eV to A~ to produce the EXAFS function y(k), where & (A™) is the
photoelectron wave vector. The k*-weigted EXAFS spectra were also fitted using LCF
of reference materials at a k range of 2-10.2 A™', by minimizing the residual of the fit

which was also given by the residual value, the goodness-of-fit parameter R, defined by

Ylx,, (k) —x, (b))
Y[x,, (D)

(9-2).

9.2.3.3 Sulfur K-edge XANES

Sulfur K-edge (2470 eV) XANES spectra were measured at BL-9A at PF. To
minimize attenuation of incident X-rays by air, we enclosed the experimental apparatus
in a chamber containing He gas. The X-ray energy was calibrated with the absorption
peak maximum of elemental sulfur at 2470 eV. XANES spectra of reference materials,
pyrrohotite, pyrite, native S, Na;SOs, (NH4),SO4, and gypsum, were measured in
transmission mode, whereas those of chert samples were measured in fluorescence
mode using a Lytle detector. Similar to Fe K-edge XANES, obtained spectra were
analyzed using the REX2000 software (Rigaku Co. Ltd.). Contribution of various S
species to each sample was calculated by the Lorentzian Function and arctangent based

on the procedure performed by Waldo et al. (1991) and Vairavamurthy et al. (1994).

9.3 Results
9.3.1 Major elements

The results of major element compositions determined using XRF are listed in
Table 9—1. As expected, all the samples are composed of a large amount of SiO, (> 95
wt.%). Black chert contained largest amount of Al, whereas the least amount of total Fe,

resulted in the lowest Fe/Al ratio among the samples. Meanwhile, Fe/Al ratio of gray

215



(W) deposited next to the black chert had the highest Fe/Al ratio. The LOI of gray (E)
which deposited before the black chert was the smallest among the chert samples
analyzed here. The low Fe/Al ratio and high LOI observed in the black chert suggests
the increased input of Al due to the increase in global weathering and burial of organic
materials. These results harmonize with the T-OAE characteristics (Jenkyns, 1988;

Jenkyns et al., 2002; Cohen et al., 2004; Waltham and Grocke, 2006).

9.3.2 Iron K-edge XANES

The Fe K-edge XANES spectra of reference materials used in LCF are shown in
Fig. 9—-3A. XANES spectra of black and gray cherts are shown in Fig. 9-3B with fitting
results and contributions of each fraction are listed in Table 9-2. The spectra of chert
samples were similar with each other, meaning that the Fe-bearing minerals in these
cherts are almost identical. The characteristics of these spectra resemble that of pyrite,
particularly, absorbance does not decrease significantly after the absorption maximum.
Interestingly, the absorption maximum of chert samples and pyrite are slightly different.
The largest absorption of black chert was observed at 7127.7 eV, whereas that of gray
cherts was at 7131.8 eV. These energies slightly shifted to the left side compared to
pyrite (7135.0 eV), suggests the existence of other Fe minerals in black and gray cherts.
Surprisingly, the best LCF was achieved when assuming the contribution of goethite in
black and gray cherts (Table 9—2). The abundance of goethite in the black chert was
estimated to be 49%, whereas those of gray (E) and (W) cherts were 26 and 47%,
respectively. The minerals in black and gray cherts are further discussed later based on

the EXAFS results.

9.3.3 Iron K-edge EXAFS

The k’-weighted Fe K-edge EXAFS spectra of reference materials used in LCF
are shown in Fig. 9—4A, and those of chert samples are shown in Fig. 9-4B with fitting
results and contribution of each fraction are listed in Table 9-2. EXAFS spectra of

black and gray cherts evidently showed the similarity to that of pyrite which clearly

216



shows different spectra from other minerals. Pyrite had the larger EXAFS oscillation
than other minerals and showed signature of splitting peaks at k = 6 and 8 (A™"). In
addition, only pyrite showed positive amplitude at k = 4.7, which gives clear distinction
between pyrite and Fe**-bearing minerals. Thus, pyrite should be the main component
for black and gray cherts. The EXAFS-LCF confirmed that 75% and 100% of
Fe-bearing minerals were pyrite and in black and gray cherts, respectively. It should be
noted that EXAFS-LCF showed different end-member mineral compositions from those
of XANES-LCF. In the case of the black chert, the smallest R value was obtained by
assuming pyrite, goethite, and magnetite which was not included by XANES analysis.
Meanwhile, EXAFS-LCF required only pyrite to obtain the smallest R value for gray

chert.

9.3.4 Sulfur K-edge XANES

Sulfur K-edge XANES spectra of reference materials are shown in Fig. 9-5A.
All the samples were dominated by reduced form of S as S,* corresponding to the
pyrite (FeS,) (Table 9-3, Fig. 9—-5B). This result is consistent with the Fe K-edge results.
The FeS fraction was not present in our analysis. Surprisingly, both black and gray
cherts showed peaks at 2480.5 eV which suggest the slight (less than 10%) existence of
oxidized S (S°"). The mole fraction of sulfide/sulfate ratio becomes larger in the order

of gray (E) > black > gray (W).

9.4 Discussion
9.4.1 Mineral composition of cherts

Black and gray cherts collected from Katsuyama section shows the existence of
pyrite with blackish color. Therefore, pyrite can play a role to make the color of chert
darker. Although XANES spectra may not be sufficient to identify the difference
between black and gray cherts, the important results we obtained is the fact that XANES

spectra of black and gray cherts show similarity with pyrite. As described in Section

217



9.3.2, if pyrite is not a main mineral in black and gray cherts, XANES spectra should
show much sharper peak in the XANES region with lower absorption around 7200 eV.
This result clearly indicates that pyrite is the major Fe-bearing mineral in dark colored
chert at least collected in the current study, though XANES-LCF suggests that the half
of Fe species in the black chert was goethite. Compared to the XANES analysis,
EXAFS-LCF shows higher abundance of pyrite in black and gray cherts (Table 9-2).
EXAFS oscillation of gray chert only requires pyrite to achieve the smallest R value.
Although the lower region (< 4 A), which can be affected by the XANES oscillation, of
EXAFS spectra does not fit well, the higher region shows clear similarity with pyrite
(Fig. 9—4B). The notable result is that both XANES and EXAFS do not show the
existence of clay minerals such as illite in black and gray cherts. The different results
obtained between XANES- and EXAFS-LCF mean that almost all the Fe incorporated
in the gray chert composed of pyrite. However, small amount of Fe can be (i) slightly
oxidized during the weathering, and/or (ii) composed of Fe’" adsorbed on organic
matters. The identification of Fe’* component in pyrite-rich material is important, since
it is difficult to determine the Fe’* component using the °’Fe Mossbauer spectroscopy

(e.g., Sato et al., 2011).

The dominance of pyrite with slight existence of oxidized form of Fe is also
supported by the S K-edge XANES (Table 9-3, Fig. 9-5B). Our estimation suggests
that more than 90% of S exist as pyrite. It should be noted that the smallest presence of
oxidized sulfur (sulfate as S*) is obtained from gray (E), while the largest abundance of
S is estimated for gray (W). Based on the geology and paleontology at the Katsuyama
section (e.g., Matsuoka et al., 1994), the bedded chert has become younger toward the
western direction, and thus the youngest chert examined in this paper is gray (W)
whereas the oldest one is gray (E). Therefore, the most reducing environment is not

suggested to be achieved during the deposition of the black chert.

9.4.2 Implications for T-OAE

Our S K-edge XANES indicates gradual recovery of reducing condition from
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gray (E), thorough black, to gray (W). The darker color can reflect the increasing
depositional rate of organic materials as suggested by the higher LOI compared to the
gray cherts, which can be related to the higher weathering rate and resulted in the
release of oxygen. The increase in oxygen concentration triggered by the tectonic factor
is also suggested to occur at Precambrian Era (DesMarais, 1992; Campbell and Allen,
2008). These studies suggested that collisions between continents cause to form higher
mountains which were rapidly eroded as a source of large amounts of nutrients into the
ocean. The increased sedimentation rate led to the burial of organic matters (and pyrite),
which was not subject to degradation by the reaction with the free oxygen (O,). As a
result, O, produced by algae and cyanobacteria which were increased by the enhanced
input of nutrients was released to the atmosphere. Part of this assumption is supported
by the molecular biological evidence that the open ocean planktonic algae started to be
diversified at ca. 175 Ma as algal symbionts to radiolarians (See Fig. 3 of Decelle et al.,
2012). This kind of tectonic control on the carbon burial and release of O, is also
suggested for modern environment at Himalayan orogeny (Derry and France-Lanord,

1996; France-Lanord and Derry, 1997; Galy et al., 2007).

The continental weathering is suggested to increase from deposition of gray (E)
to black cherts based on the Fe/Al ratios and LOI, while rapidly decreased to the black
to gray (W) cherts (Table 9—1). If this is the case, the most reducing environment is
expected to observe form black chert. Although more reducing environment is
suggested for black chert than gray (W) chert, S K-edge XANES shows the smallest
contribution of sulfate fraction from gray (E) chert (Table 9-3; Fig. 9-5B).

Another possibility to explain the increasing contribution of sulfate fraction in
the order of gray (E) > black > gray (W) is the recovery, or neutralization of seawater,
from seawater acidification. Recently, Hermoso et al. (2012) showed that high pCO,
levels led to the seawater acidification prior to and during the Early Toarcian §"°C
excursion. Assuming that the T-OAE maximum occurred when the black chert
deposited, recovery from seawater acidification is consistent with our S XANES data.
As shown in Eh-pH diagrams, the boundary between pyrite and sulfate or hematite

draws diagonally right down curve (Figs. 9—6). These facts mean that, under the same
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redox condition, the increase in pH results in the formation of oxidized form of S and Fe.
Therefore, increasing contribution of sulfate fraction along with the depositional order

of cherts suggests that gradual recovery from oceanic acidification occurred during the

T-OAE.

9.5 Conclusions

The attempt to determine the Fe and S species in chert samples using XAFS
analysis was performed. Iron K-edge XANES and EXAFS analysis showed large
contribution of pyrite, which was confirmed by S K-edge XANES. The EXAFS
oscillation of black chert showed slight contribution of oxidized form of Fe-bearing
minerals, which was difficult to identify using the >’Fe Mossbauer spectroscopy
analysis. The increasing in the sulfate contribution was observed from S K-edge
XANES along with the depositional order. It is suggested that the data reflected the

gradual recovery from oceanic acidification during the T-OAE.
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Table 9—1. Major element compositions (%) of chert samples.

Samples SlOz TlOz A1203 FeZO; MnO MgO CaO NaZO K2O P205 Total LOI Fe/Al
Gray (W) 96.8 0.033 0.860 1.59 0.023 0.071 0.055 0.025 0.18 0.022 99.50 1.50 1.85
Black 98.6 0.052 1.40 0.515 0.004 0.141 0.086 0.026 0.32 0.046 100.80 1.51 0.37

Gray (E) 99.6  0.027 0.754 0.729 0.007 0.056 0.304 0.025 0.14 0.213 101.50 0.98 0.97

* Total Fe as Fe,O3

Table 9—-2. The LCF result of Fe K-edge XANES and EXAFS.

Py Fa Chl Hbl m Mag Goet Hem R (%)
Gray (W) (XANES) 53 47 0.028
Black (XANES) 51 49 0.024
Gray (E) (XANES) 74 26 0.029
Gray (W) (EXAFS) 100 0.092
Black (EXAFS) 75 9 16 0.174

Py: pyrite; Fa: fayalite; Cho: choorite; Ill: illite; Sm: smectite; Mag: magnetite; Goet:

goethite; Hem: hematite

Table 9-3. Contribution of S species.

Pyrrohotite ~ Pyrite +4 +6
Gray (W) 93.4 6.6
Black 94.2 5.8
Gray (E) 96.9 3.1

221



Fig. 9—1. Early Jurassic palaeogeographical map showing the global distribution of
previously reported T-OAE. The palaeogeographical map is after Scotese (2007).
Locations of the T-OAEs are based mainly on Jenkens (1988), Jenkyns et al. (2002),
and Cohen et al. (2007). The red area indicates the estimated depositional area of the

chert samples used in this study (Ando et al., 2001).
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Fig. 9-2. Geological map of Inuyama area (after Yao, 1980).
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Fig. 9-3. Iron K-edge XANES spectra of (A) standard minerals used to fit the measured
chert samples and (B) chert samples collected from Katsuyama section. Solid line
denotes measured spectra and blue circle shows fitting results using the parameters

listed in Table 9—2. Contribution of each fraction is also shown.
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Fig. 9—4. Iron K-edge EXAFS spectra of (A) standard minerals used to fit the measured
chert samples and (B) chert samples with fitting results and contributions of each

mineral components listed in Table 9-2.
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Fig. 9-5. Sulfur K-edge XANES spectra of (A) standard minerals used to fit the
measured chert samples and (B) chert samples with fitting results and contributions of

various oxidation states of S species listed in Table 9-3.
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Fig. 9-6. Eh-pH diagram of (A) S and (B) Fe under 25 °C, 1 atm using the
Geochemist’s Workbench (GWB, Volume 6; Bethke, 2006). In both diagrams,
concentration of Fe*" and HCO;  were fixed at 1 pM and 2.25 mM, respectively.
Meanwhile, SO4*~ concentration was varied from 4 mM (shown as black solid lines) to
8 mM (gray dashed lines). Only the soluble Fe species changed from Fe*" to FeSO, (aq)

by the increase of SO,4*~ concentration.
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Chapter 10

Conclusions

After the first discovery of Y in 1794, it had taken 113 years for separation of
the naturally occurring REEs (Chapter 1). The chemical properties make REE the most
unique geochemical tool to discuss the origin and reaction processes that samples had
experienced. Establishment of the REE pattern in 1962 by A. Masuda has greatly
contributed to the development of REE geochemistry (Masuda, 1962). Despite of the
progress in this half a century, there are a couple of scientific fields that are still unclear

or have not been studied. This PhD thesis focused on these fields.

In Chapter 2, the cause of positive Eu anomaly during the water-rock interaction
which is still under discussion was investigated using synthesized basalts. Larger
abundance of REEs was released from basalt that crystallized out plagioclase and augite
to low salinity water compared to the 0.7 M NaCl solution. The REE fraction became
larger with increasing water-rock interaction temperature. The basalt containing
plagioclase and augite released larger abundances of REEs than the basaltic glass
irrespective of any solution conditions, which can be due to the heterogeneous
compositions of elements in the former particles. Since Eu/Eu* values were smaller
when basalts contacted with 0.7 M NaCl solution, it is suggested that the possible
positive Eu anomaly caused by the formation of stable CI complex was less effective in
this experiment. The Eu/Eu* values became larger with increasing reaction temperature
when ultra-pure water was used, which can be applied to the water-rock reaction

thermometer under low salinity condition.

In Chapters 3 and 4, stable isotopic fractionation of REEs during adsorption was
investigated for the first time. In Chapter 3, three data consisting of Ce—abundance,
stable isotope ratio, and chemical state—were provided for the first time. The REE
distribution coefficient pattern combined with Ce Ly;-edge XANES spectra suggested
that Ce is not oxidized by ferrihydrite, but is oxidatively scavenged by 6-MnO,, as

expected from the Eh—pH diagrams. The degree of isotopic fractionation of Ce between
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the liquid and solid phases increases as the redox condition becomes more oxic in the
following order: adsorption without oxidation, Ce(IV) precipitation, and oxidative
adsorption (incorporation). In particular, the latter two processes were distinguished by
the Ce stable isotope ratio, and cannot be discerned using the Ce anomaly alone. It is
expected that applying Ce geochemistry to Precambrian BIFs and carbonates in future
research will lead to a better understanding of the paleo-redox state of the ancient
oceans. However, this result was inconsistent with the studies reported for cations
(Balistrieri et al., 2008) and did not follow the most important rule governing the
equilibrium isotopic fractionation (Bigeleisen and Mayer, 1947). Therefore, the isotopic
fractionation of neighboring REEs was examined to compare the fractionation data with
that of Ce in Chapter 4. Adsorption experiments with Nd and Sm on ferrihydrite and
0-MnO; were performed again to determine the factors governing equilibrium isotopic
fractionation among REEs. Heavier isotopes of Nd and Sm were found to be enriched in
the solid phase. EXAFS analyses showed that shortening of REE-O bonds during
adsorption was the governing factor responsible for equilibrium isotopic fractionation of
Nd and Sm. In contrast, the coordination structures of adsorbed La, Ce, and Pr were
more distorted than those of their aqua ions. This comparison among the REEs enables
us to improve our understanding of the cause of such stable isotopic fractionation. The
distorted adsorbed structure and the stability of hydrated species leads to lighter-isotope
enrichment in the solid phase for Ce (and is also expected for La) adsorbed on
ferrihydrite. In-depth analysis of the coordination environment, revealed by EXAFS
analyses, was important to determining the mechanisms behind equilibrium isotopic
fractionation. It is possible that the systematic isotopic fractionation over the REE series
could be a new geochemical tool to study REE behavior during water—rock interaction
in natural systems. These studies developed new possibilities for REE geochemistry and

the cause of stable isotopic fractionation for heavy elements.

In Chapter 5, an interesting subject that has long been neglected in REE
geochemistry although it certainly has a lot of potential, REEs in crude oil, was
examined. This study provided complete REE patterns of crude oil for the first time and

showed that (i) REE in crude oils can reflect their source rocks and sediments, and (ii)
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REE in crude oils mainly form carboxyl and phenolate complexes, which induce a
larger partition of REE into the crude oil relative to the coexisting water. However, the
retention of carboxyl group in crude oil is generally unusual, since it can be
decomposed during the maturation process. In Chapter 6, therefore, the maturation
process was examined by measuring REE concentration in oil samples without
containing carboxyl group collected from 5 oil fields in Japan and performing a
laboratory experiment simulating the release of REE from organic phase during the oil
maturation. The REE abundance of oils without containing carboxyl group was more
than three orders of magnitude lower than those showing existence of the carboxyl
group (Chapter 5). REE distribution experiment showed that REEs adsorbed on humic
acid were released to the solid phase in association with the decrease of the
concentration of carboxyl group. A comparison between oils with or without containing
carboxyl group suggests that approximately 16 g of total REEs are released during the
production of a barrel of crude oil. As such, studies in Chapters 5 and 6 bring a new

possibility on the fusion of organic and inorganic geochemistry.

Studies performed from Chapters 2 to 6, which showed new possibilities for
REE geochemistry, are linked to the Chapters 8 and 9 via Chapter 7. In Chapter 7, Mn
carbonate nodules interbedded in red siliceous mudstone of the Tamba-Mino-Ashio Belt
was investigated with the combination of geochemical and geological methods.
Microscopic observation showed the authigenic rhodochrosite and numerous radiolarian
shells without any clay minerals, and the spherule of rhodochrosite is abraded in
consideration with the preserved condition of radiolarians. Radiolarian faunas from both
the Mn carbonate nodule and their host rocks are correlative to the same Bajocian age of
Middle Jurassic, but the host red siliceous mudstones are somewhat younger than the
Mn nodule suggested by the radiolarian age. These two evidences are explained by the
facts that (i) spherules of rhodochrosite developed to involve radiolarian test at first at
the depositional site without clay minerals and (ii) these isolated spherules moved to the
depositional site of red siliceous mudstone where clay minerals are present. XRD
analysis confirmed the existence of rhodochrosite and quartz in Mn carbonate. The bulk

rock REE pattern normalized by PAAS showed the positive Ce anomaly, whereas
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XANES analysis showed Ce in Mn carbonate exists as trivalent state. In consideration
with the REE pattern after the leaching and the occurrence state of rhodochrosite
spherules in the Mn nodule, the best explanation of Mn nodule formation so far is that
rhodochrosite is primarily formed and subsequently transferred to the different site
where siliceous mudstone was deposited. In addition, 8'*Ce value of Mn carbonate
nodule was enriched in heavier isotopes than that of siliceous mudstone beyond the
analytical uncertainty. Since the experimental study performed in Chapter 3 showed that
the lighter Ce was preferentially adsorbed on 6-MnO., the heavier isotope enrichment in
the nodule can decline the possibility of the primary formation of MnO, with following
alteration. This Chapter successfully showed a possible application of stable isotope

ratio to geological study.

The rest of the thesis, Chapters 8 and 9, showed that the XAFS analysis is a
powerful geochemical tool to determine the Fe species in chert samples and brings a
new perception for geological study. The first attempt to determine Fe species in chert
samples using XAFS analysis was performed in Chapter 8. The XANES analysis
showed that all the red chert contained hematite, while the green and the white cherts
did not. The incorporation of chlorite is suggested for some of the red, the green, and
the white cherts, which is further confirmed by EXAFS analysis. The average valence
state of Fe is lower in the green and the white cherts than in the red chert, which can be
due to the reduction of hematite. The stratigraphic change in the Fe-bearing minerals
was observed at the middle Carnian, and it is suggested that (i) the relatively stable
mineral compositional ratios observed from unit 2 to the middle part of unit 3
corresponding to the early to middle Carnian reflect dry climate conditions in the source
region, (ii) the significant perturbation in the mineral composition suddenly observed
from the upper part of unit 3 to lower part of unit 5 at the middle Carnian reflects wet
climate conditions known as the CPE, and (iii) the appearance of chlorite and the
recovery of mineral composition ratios observed in R6-3 at the late Carnian indicate the
return to dry climate conditions similar to those prior to the CPE. In consideration with
the modern ocean environment, the increased input of reduced Fe in chlorite or smectite

affects the biological productivity. This study shows that the drastic but brief
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environmental change in the continental area is preserved in the pelagic chert samples.
In Chapter 9, the Fe and S species in chert samples were determined using XAFS
analysis. Iron K-edge XANES and EXAFS analyses showed large contribution of pyrite,
which was confirmed by S K-edge XANES. The EXAFS oscillation of black chert
showed slight contribution of oxidized form of Fe-bearing minerals, which was difficult
to identify using the °’Fe Mossbauer spectroscopy analysis. The increasing in the sulfate
contribution was observed from S K-edge XANES along with the depositional order. It
is suggested that the data reflected the gradual recovery from oceanic acidification
during the T-OAE. As such, the application of XAFS for chert samples to determine the
chemical species is a very important and powerful tool to study the paleoenvironment.
In addition, as performed in Chapter 7, it is possible that the application of stable
isotope ratio brings another evidence to confirm the suggestions given by the XAFS

analysis.

In this decade, widespread development of ICP-MS makes several researchers
misunderstood that “REE geochemistry is over”. However, studies performed in
Chapters 2 to 6 in this PhD thesis clearly deny this misunderstanding. The thesis also
indicates that the method performed in these Chapters is a useful and powerful tool to
clarify the paleoenvironment. To have a “micro” perspective is important for
geochemistry, whereas a point of “macro” view is necessary for geology. I would like to
emphasize that either “micro” or “macro” is not a choice but both “micro” and “macro”
should be combined together to unveil the mystery of Earth (and Planetary) Systems
Science (Fig. 10-1).
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Fig. 10—1. Schematic illustration of the concluding of the PhD thesis.



Appendix

A comprehensive geochemical study on mud volcanoes in the Junggar

Basin, Northwestern China

1 Introduction

Mud volcanoes, which are characterized by the release of mud, water, and gases,
are found all over the world, particularly in compressional tectonic settings such as in
accretionary complexes along subduction zones (Dimitrov, 2002, 2003; Kholodov,
2002; Kopf, 2002). Similar to magmatic volcanoes, the release of fluids from mud
volcanoes may occur during the quiescent phase or the eruptive periods. Mud, water,
and gases typically ascend through conduits from pressurized reservoirs (e.g., Kopf,
2002). Dimitrov (2002) summarized the factors controlling the occurrence of mud
volcanoes: (i) recent tectonic activity, particularly compressional regime; (ii) rapid
loading of rocks due to fast sedimentation, accretion, or overthrusting; (iii) active
hydrocarbon generation; and (iv) existence of thick, fine-grained, soft sediments deep in
the sedimentary succession. The main factor of mud volcano formation is considered to
be a gravitative instability in low-density sediments below the high-density rocks
induced by fast sedimentation. Gravitative instability provides mud diapirism, i.e., the

intrusion of shale or clay into overburdened sediments.

Methane is commonly a dominant component in emitted gases from mud
volcanoes (e.g., Dimitrov, 2002, 2003; Etiope and Milkov, 2004), with an average
concentration of 90.6% (v/v) (Etiope et al., 2009a). The methane flux from mud
volcanoes to the atmosphere is estimated to be between 10.3 and 12.6 Tgy ' (Dimitrov,
2002), 5-10 Tgy ' (Etiope and Klusman, 2002), 5 Tg y ' (Dimitrov, 2003), and 6-9 Tg
y ! (Etiope and Milkov, 2004), and more recently, 10-20 Tg y ' (Etiope et al., 2011).
These estimates suggest that mud volcanoes represent an important natural source of
atmospheric methane considered in global greenhouse gas emission inventories (Etiope,

2010).

More than 76% of terrestrial mud volcanoes release thermogenic methane
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(Etiope et al., 2009a), suggesting that gases released from mud volcanoes can be related
to petroleum seepage system. On the other hand, §"°C values of CO, released from mud
volcanoes vary to a large degree (—20 to +25%0 VPDB), suggesting that anaerobic
biodegradation occurs (Etiope et al., 2009b). Anaerobic biodegradation of oil and
natural gas is described to be mostly limited to shallow reservoirs, generally shallower
than 2000 m where temperature is below 60—80 °C (Pallasser, 2000; Feyzullayev and
Movsumova, 2001). Etiope et al. (2009b) showed that the reservoir depth of Azerbaijan
mud volcanoes releasing *C-enriched CO, (8"°C values of CO, are larger than +5%o
VPDB) is shallower than 2000 m, while the reservoir depth of mud volcanoes releasing
smaller 5"°C values of CO, (—20 to £0%. VPDB) is deeper than 2000 m up to 6000 m.
However, they noted that anaerobic biodegradation of petroleum may take place at
shallower depths above the deep non-biodegraded reservoir occurring along the seepage
channels of the mud volcano system. In any case, such kind of information is
insufficient, but needed to better understanding of mud volcano seepage system and

microbial activities.

This paper presents geochemical data of mud, water, and gases discharged from
mud volcanoes along the southern margin of the Junggar Basin in northwestern China
to reveal their origin. Detailed studies on mud volcanoes in this region have been
required for the lack of proper documentation. In addition, there are few studies on any
mud volcanoes located along the coast, in the sea, or even onshore, based on the
systematic analyses of the three components, namely, mud, water, and gas (e.g., Kopf et

al., 2003; Lavrushin et al., 1996).

In the current study, several analyses were conducted to determine the origin of
mud, water, and gas. For the mud, major and trace element compositions, including rare
earth elements (REE), were determined and compared with the reported values of
moraine samples from the northern Tianshan Mountains (Chang et al., 2000). The
concentrations of major elements, REE, and isotopic compositions of hydrogen and
oxygen were determined to understand the origin of water. Concentrations of the major
component and their carbon and hydrogen isotope compositions were analyzed to

evaluate the origin of the gases.
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2 Geological setting

There are two large sedimentary basins in Xinjiang Province, northwestern
China, Junggar Basin in the north and Tarim Basin in the south, which are separated by
the Tianshan Mountains (Fig. A—1). There are several mud volcanoes along the
southern margin of the Junggar Basin (Fu et al., 2007). According to Nansheng et al.
(2008), the southern part of the Junggar Basin is underlain by 16 km thick sedimentary
rocks deposited since Permian. The rocks are folded and faulted, especially in the
Tianshan side of the Junggar Basin due to the orogenic activity of the Tianshan
Mountains (Avouac et al., 1993). Due to the absence of igneous activity, the heat flow
of the southern part of the basin is low, around 35 mW/m?, and the geothermal gradient
of the investigated area obtained by oil-testing and well-logging data is about 18 °C/km
with uncertainty £1 °C/km (Nansheng et al., 2008). Quaternary conglomerates, such as
moraine, overlie the large part of the basin, including the study area (Avouac et al.,

1993). Evaporite occurs around the study area (Ma et al., 2010).

The Junggar Basin is also well known for hosting crude oil (e.g., Carroll, 1998;
Song et al., 2004; Nakada et al., 2010; Zheng et al., 2010). The Dushanzi oil field
produces crude oil from Cretaceous and Tertiary reservoirs and lies outside the
depositional limits of Upper Permian shales (Graham et al., 1990). Clayton et al. (1997)
collected low maturity crude oil at Dushanzi oil field from Oligocene formation in the

depth 3644-3656 m.

3 Mud volcano description

Mud volcanoes studies here are located in the cities of Wusu and Dushanzi,
Xinjiang Uyghur Autonomous Region, northwest China. The locations of mud
volcanoes are shown in Fig. A—1 and Table A—1. Sites 1—4 are located in the rural area
south of Wusu City where many mud pies, flat mud extrusive feature (more than 20 in 1
km?), with a gentle discharge of mud and gas, are found on a slope of a mountain range
(Fig. A—2). Sites 6 and 7 are “twin” mud volcanoes located in the mountainous region

about 8 km east from sites 1—4. Although samples were not collected, another mud pie
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was identified about 1 km northwest from sites 6 and 7. Sites 8 and 9, situated near the
Dushanzi oil refineries, are called Dushanzi mud volcanoes, which were discovered in
July, 1995 (Wang et al., 1997) (Fig. A—2). Three mud pools were observed around site
9. Sites 1—4 are pie-shaped mud volcanoes, whereas sites 6—9 are cone-shaped (Figs.
A-2I and J). Among the sites, site 7 is the highest mud volcano with a height of about
10 m (Figs. A—2F and J).

The crater sizes are listed in Table A—1. Among eight mud volcanoes, only the
crater of site 6 is a true circle, while others are elliptical in shape (Table A—1 and Fig.
A-2). As seen in Figs. A—2A, D, and E, some of the mud in the crater became dried.
Those dried-up areas were not counted into the size. Therefore, in the past, the crater

size of sites 1, 4, and 6 could have been larger than the present size.

Oil seepages were observed at sites 2, 3, 6, 7, 8, and 9. Among them, the largest
abundance of oil is discharged at site 9, probably owing to its close location to the
Dushanzi oil field. All the mud volcanoes were in the quiescent period with some

visible degassing, as evidenced by bubbling in the craters and mud pools.

4 Sampling and analytical methods
4.1 Sampling

Mud, water, and gas samples were collected at each mud volcano. Surface
organic soil samples near the mud volcanoes outside the mud flow were also collected
for comparison (three, four, and one samples from sites 1-4, 6—7, and 8-9,
respectively). Muddy water was collected directly from the crater of mud volcanoes.
One fraction of the water was filtrated on site using 0.45 um membrane filters
(hydrophilic PTFE, ADVANTEC®), as used by Hensen et al. (2007). This filter allows
a good separation of clay from water. The microbial activities were small enough not to
affect the composition of water, because the composition did not change over the
analytical error on repeated measurements for several time spans. After filtration, the
water was further divided into two parts: one part was acidified to 2 wt.% nitric acid

solution for the analyses of REE, and the remaining fraction without acid was used for
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the analyses of major ions. About 10 ml of acid-free water sample was placed into
bottles with no head space remaining for isotope analysis. Another fraction of water was
not filtrated but was brought back to the laboratory for centrifugation into mud and
water. Gases discharged from the muddy water in the crater were collected by an
inverted funnel connected to a syringe and a silicon tube equipped with a stop-cock.
After collecting the gases, the stop-cock was closed. Subsequently, the gases in the

syringe were transferred to a glass bottle already evacuated using a tip-pierced needle.

4.2 Analytical methods

Temperature, pH, Eh, conductivity, and dissolved oxygen in muddy water were
directly measured on site using handylab multi 12 (SCHOTT, Germany), a portable
in-situ measuring instrument. The accuracies were 0.5% for conductivity and dissolved
oxygen, whereas those for temperature, pH, and Eh were +0.1 °C, £0.01 pH unit, and
+1 mV, respectively. Alkalinity of the acid-free water sample was also determined on
site by titration of 0.100 M and 0.0100 M HCI solution with 1% precision. In the
laboratory, muddy water samples were centrifuged for 20 min at 2000 rpm to be
separated into mud and water. Mineralogy of the mud samples was determined by a
Rigaku MultiFlex X-ray diffractometer (XRD). XRD analyses were also conducted for
clay fractions separated by elutriation to identify clay minerals better. Major and trace
element compositions of mud and surface soils were determined using a Rigaku
ZSX-101e X-ray fluorescence spectrometer (XRF). Analytical conditions were 50 kV
accelerating voltage and 50 mA beam current with rhodium K,, L,, and Lg;, and
tungsten K, and L, sources. REE concentrations of mud and surface soils were
determined using inductively coupled plasma mass spectrometry (ICP-MS) (Agilent
7500) after the digestion of the samples in a mixture of HF, HCIO4, and HCI (Takahashi
et al.,, 2002a). Accuracy and precision of the XRF analysis were better than 5%,
whereas those of the REE obtained using ICP-MS were better than 3%, as estimated
from the reported values of a standard rock JSI-1 (slate; Imai et al., 1995) and the

repeated measurements of our samples.
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Major cations (i.e., Na", Ca®", and Mg*") in the water samples were measured
using cation chromatography (JASCO), whereas K~ was measured using atomic
absorption spectrometry (AA-646, Shimadzu). Major anions (i.e., F, Cl, Br, NO; ,
and SO,”) were measured using anion chromatography (Shimadzu). Analytical
accuracy and precision of the major cations and anions were better than 5%. The dD
values of water were measured using Thermo-Fisher Scientific DELTA plus XL (SI
Science Co.) with an analytical error of £1.0%o. The 8"C and §'°0 of carbonate in
the mud samples, and the 8'°0 of water and §"°C of dissolved carbonate in the water
samples were measured using the Finnigan MAT Delta Plus mass spectrometer
interfaced with Gas Bench II (Hori et al., 2009). Analytical uncertainties for "°C and
8'*0 of carbonate in the mud samples were +0.15 and +0.19%o, respectively, whereas
those in the water samples were +0.04 and +0.18%., respectively. REE concentrations in
water were determined using ICP-MS (Agillent 7500) after preconcentration using a
column loaded with cation exchange resin (AG50W-X8; Takahashi et al., 2002a)

because their concentrations were lower than the ppt level in water.

Concentrations and 8'"°C of methane, ethane, and carbon dioxide in gas samples
were measured at Hokkaido University using a continuous-flow gas chromatography
(Agilent 6890) connected to an isotope-ratio mass spectrometry (Thermo Finnigan
MAT 252) system (GC/IRMS). Analytical accuracy of the concentrations of CH,4 and
CO, was better than 1%, whereas that of C,Hg was better than 5%. Analytical precision
of the concentrations of CH4, CO,, and C,Hs was better than 5%. Analytical error of
8"3C of CH4 and CO, was £0.3%o, whereas that of C,Hg was +£0.7%o. Details of the
method for isotopic composition were given in Tsunogai et al. (2002). The N, and O,
concentrations of gas samples were also measured with 1% accuracy and 5% precision

for both analyses.

The 3D values of methane and ethane were measured at G.G. Hatch Isotope
Laboratories, University of Ottawa. Calibration and normalization were conducted by
the online combustion of two international standards (i.e., NGS1-8559 and NGS2-8560)
and one internal standard. Methane and ethane were isolated by GC using a PoraBOND

Q column (27.5 m long, 10 pm film thickness, 2 ml min"' flow at —15 °C) on an HP
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6890 gas chromatograph interfaced to a XP Finnigan-Mat IRMS. Precision of 3D
analysis was £2%o. Concentrations of H,, C; and C4 of the gas samples were determined
using a Shimadzu GC-14B (Sumika Chemical Analysis Service Co.) with an analytical
error of 2%. The detection limits of H,, Cs;, and C4 were 30, 0.3, and 0.3 ppmv,
respectively. Hereafter, all stable isotope compositions are expressed in the
conventional delta (8) notation, defined as per mil (%o) deviation from the reference

standard VSMOW for hydrogen and oxygen, and VPDB for carbon.

5 Results
5.1 Mud and surface soils

Results of the XRD analysis show that all the mud samples contain albite,
calcite, chlorite, illite, mica, quartz, and smectite (Table A—2). Anorthite and kaolinite
are found in some samples. All samples contain high SiO,, 58—65 wt.% and ALOs,
13-23 wt.% (Table A—3). Mud samples collected from sites 6 and 7 contain high Fe,Os
(total) and MnO. Concentrations of the major elements in mud and surface soil are
normalized to the reported values of moraine samples from the northern Tianshan
Mountains (Chang et al., 2000) (Fig. A—3). Major element concentrations, except for Ca,

show similar values to those of moraine samples (Fig. A—3).

REE concentrations in mud and surface soil samples are reported in Table A—4.
They are normalized to an average upper continental crust (UCC) (Taylor and
McLennan, 1985) as shown in Fig. A—4A. All samples are depleted in light-REE
(LREE) with variation at Ce and Eu (i.e., Ce and Eu anomalies, respectively), whereas
they are all almost flat in heavy-REE (HREE). REE normalized to the average values of
moraines from the northern Tianshan Mountains (Chang et al., 2000) are almost flat

with positive Eu anomalies, except for a mud sample at site 9 (Fig. A—4B).

Major and trace element concentrations (Table A—3) are normalized to the
average UCC and are plotted in Fig. A—5. Elements are arranged from left to right in the
order of increasing abundance in the average Mesozoic-Cenozoic greywacke (Condie,

1993) relative to UCC (Fig. A—5). Although the abundance of elements on the left side
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varies widely, elements on the right side, especially after Si, show gradual enrichment.

5.2 Water

Table A—5 lists the pH, Eh, temperature, conductivity, salinity, dissolved
oxygen, alkalinity, concentration of major components (i.e., F, Cl , Br, NOs , SO,%,
K", Na', Ca®", and Mg*"), 8D, and 8'*0 isotope compositions for water and §"°C for
dissolved carbonate. The concentrations of almost all ions in the water from mud

volcanoes are higher than those of river water.

The 6D values of all water samples collected from mud volcanoes are between
—57.1 and —99.2%o, and the §'°0 values for muddy water range from —1.0 to —5.7%o. On
the other hand, the 8'°0 value of river water (—10.6%o) at site 5 is much smaller than
that of muddy water, though the dD value of river water at the site (—71.2%o) is within
the range of those collected from mud volcanoes. In the 8D and §'°0 diagram (Fig.
A—06), the water at site 5 lies on the meteoric water line and is plotted in the field of
North Xinjiang meteoric waters (Wei and Gasse, 1999). In comparison, muddy waters
show an '*O shift from meteoric waters. Moreover, data on muddy waters from sites
1—4 form a parallel regression line with the meteoric water line. Samples collected from
sites 6 and 7 lie slightly on the right side of the regression line of sites 1—4, whereas
sites 8 and 9 lie on the left side. The §"°C values of dissolved carbonate are within the

range of +35.6 to —23.3%eo.

Although REE abundances in the water samples are variable, most samples are
rich in HREE with positive Ce and Eu anomalies (Table A—6 and Fig. A—7). However,
the river water sample at site 5 shows an HREE-depleted pattern with a negative Ce
anomaly (Fig. A—7).

Dia et al. (1999) suggested that alkalinity records the reactions with carbonates
and silicates, whereas Cl is sensitive to diagenetic processes and seawater interaction.
In addition, Na and K can characterize the contribution from dissolution of host rock
and/or leaching from clay minerals. In Na/Cl versus Alk/CIl (Fig. A—8A) and K/Cl

versus Alk/CI (Fig. A—8B) diagrams, water samples collected from the mud volcanoes
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are plotted in three separated areas: (i) sites 1—4, (ii) sites 6 and 7, and (iii) sites 8 and 9.

5.3 Gas

Similar to other mud volcanoes in the world (e.g., Dimitrov, 2002, 2003; Etiope
and Milkov, 2004; Etiope et al., 2009a), methane is the main component of gases
emitted from the Xinjiang mud volcanoes (Table A—7). In Table A—7, all compositional
data were corrected for air contamination. Raw analyses showed that the contamination
of O, was 11.9, 3.2, 3.5, 3.6, 3.7, and 9.3% for sites 2, 4, 6, 7, 8, and 9, respectively.
Given that the concentrations of methane and ethane collected from mud volcanoes are
more than 10" higher than those of atmospheric value, the correction was not conducted
for the 8"°C of both methane and ethane. On the other hand, the concentration of
atmospheric CO, is about 385 ppmv (Keeling et al., 2009). This means that the 5"°Cco,
value of gases from mud volcanoes can be largely affected by air contamination because
of a small difference in the concentrations between atmospheric CO, and CO, from mud
volcanoes. Therefore, a re-calculation was conducted for the CO, concentration and
8"Ccoy values by supposing that the atmospheric §'°Ccoy values are about —8.5%o
(Keeling et al., 2005). Corrections for the concentration and isotope ratio of CO, were
carried out using the following equation by assuming that original O, concentration is

Z€ro:
COs-cor. = (100 x CO2meas.) — (02 x COzair) / (100 — O) (A-1)

where COjz.cor, COzmeas, and COs.,ir represent corrected CO,, measured CO,, and
reported atmospheric CO; values, respectively, for both concentration and isotope ratio

of carbon, while O, denotes measured raw concentration of O,.

The 5"°C values of methane and ethane at each site are similar at around —40%o
and —30%o, respectively, whereas those of carbon dioxide are variable. Hydrogen gas
was detected in the samples collected from sites 2, 4, 6, and 7. Although the H,
concentration in the sample collected at site 4 was less than 100 ppm, further
quantitative analysis was difficult because of its small peak. The intensities of the H»

peaks at sites 2, 6, and 7 are much smaller than that in the gas sample collected at site 4.
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The “Bernard ratio” C1/(C,+C3) versus 8°C; and C, diagrams show that all the
samples are plotted in the thermogenic field (Fig. A—9). The values of 8"°C and 3D for
CHy, also fall into the field of thermogenic origin, especially thermogenic gas related to

petroleum field, following the Schoell plot (Schoell, 1983) (Fig. A—10).

6 Discussion
6.1 Origin of mud

The mud samples show major element compositions similar to moraines in the
Tianshan Mountains (Fig. A—3); thus, mud and moraine likely have a similar source.
The moraine forms as a mechanical mixture of basement rocks during glaciations
(Chang et al., 2000). The wide variations of CaO are most likely explained by the
different contents of calcite, semiquantitatively detected by the XRD patterns (Table
A-2). Major element concentrations of mud samples collected from the “twin” mud
volcanoes (i.e., sites 6 and 7) are similar, which confirms that they originated from the
same source and ascended through separate vents or conduits. Mud samples collected
from sites 6 and 7 also contain greater abundances of Fe,Os (total), MnO, and P,Os than
those from other sites. The difference between the abundances of sites 6—7 and those
from other samples is not only due to their source rocks, but also to an extensive

water-rock interaction, which will be discussed in Section 6.2.

Mud and soils show similar normalized REE patterns (Fig. A—4), indicating that
the mud originated from similar sedimentary rocks in this area, except for the sample at
site 9. REE patterns normalized to the moraines collected from northern Tianshan
Mountains (Chang et al., 2000) show flat patterns, except for Ce and Eu anomalies (Fig.
A—4B). The Eu anomalies may be a result of the different abundances of plagioclase
between moraines and our samples. In Fig. A—4B, a negative Eu anomaly is observed
only for mud at site 9. This result suggests that the source layer of site 9 can be different
from that of other sites or mixed with different rocks, which have less abundance of

plagioclase in the paths during ascending.

Figure A—4 shows that the elements arranged on the right side are enriched,
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where the order of the plots is similar to that in the Mesozoic and Cenozoic sandstones
(Cutten et al., 2006). When a similar plot is made using North American Shale
Composite (NASC; Gromet et al., 1984), the pattern shows enrichment in the right side,
suggesting that typical sedimentary rocks can show such pattern. Furthermore, it has
been reported that some igneous rocks present a pattern with enrichment toward the
right side (e.g., Kawano et al., 2006). However, the absence of igneous rocks and the
wide occurrence of Mesozoic and Cenozoic sedimentary rocks in this area (Avouac et
al., 1993; Nansheng et al., 2008), combined with the definition that mud comes from
shale (Kopf, 2002), suggest that the source of mud in Xinjiang mud volcanoes can be
Mesozoic or Cenozoic shale. The folded shale layer can be fractionated into mud due to
the extensive water-rock interaction (Section 6.2.). Although the patterns of mud in Figs.
A—4A and A—4B are nearly identical, mud collected from site 9 shows a clear
difference from those of other sites in the abundance of Ba. This result also supports the
fact that the mud at site 9 originated from a layer different from that of other sites or

mixed with another layer.

6.2 Origin of the water and suggestion for water-rock interaction

All the water samples from the mud volcanoes are rich in Na" and CI” when
compared to other ions; this is commonly observed in water from mud volcanoes (e.g.,
Dia et al., 1999; Hensen et al., 2007; Lavrushin et al., 1996; You et al., 2004). However,
a more detailed comparison on the composition of water suggests that the
concentrations of these ions are lower than those from other mud volcanoes, whereas
other cations, such as Ca*" and Mg2+, have similar concentrations as those in other sites.
This kind of saline water is observed from a petroleum field (Kharaka and Hanor, 2003),
which is also the case in our samples. In addition, the presence of evaporites in the area
may contribute to the increased salinity. Similar concentrations of other cations, except
for Na', can be obtained from the extensive water-rock interactions in the system of
Xinjiang mud volcanoes. At several sites, the concentrations of Ca>" and Mg”" in water

samples collected from mud volcanoes are lower than those from the river, which
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suggest that the concentration of these cations may be decreased due to the precipitation
through the cooling process during or after ascending. The calculation using PHREEQC
(Parkhurst, 1995) with the WATEQA4F database (Ball and Nordstrom, 1991) shows that
all water samples are saturated with calcite and dolomite, except for the sample
collected at site 6. The water sample collected at site 6 is supersaturated with dolomite

and is slightly undersaturated with calcite.

The 8D values of water from the mud volcanoes are almost identical to those of
the reported local meteoric water (Wei and Gasse, 1999); hence, water from the mud
volcanoes originates from meteoric water (Fig. A—6). However, it should be noted that
the water is not limited to “present” meteoric water, but includes “fossil” meteoric water
as well. It is suggested that the origin of the saline water associated with oil and gas is
“fossil” meteoric water that experienced isotope exchange reactions during migration
among the sedimentary strata and water-rock interaction (Clayton et al., 1966).
Moreover, 8'%0 shift from the meteoritic line in Fig. A—6 is larger at sites 6 and 7 and
smaller at sites 8 and 9 pair relative to the sites 1—4 group. This fact suggests that the
degree of water-rock interaction is greater at sites 6—7 and lower at sites 89 compared
with those at sites 1-4. Oxygen isotope fractionation between water and calcite is used

to calculate the equilibrium temperature following the equation of O’Neil et al. (1969):
10°Ina = 2.78(10%/T%) — 8" Oyater + 3.39 (A-2)

where 10°Ino. is 8" Ocarcite — 6 "Owater, T is the temperature in Kelvin, and 6 is in
VSMOW value. The mean calculated temperature among sites 1-4, 67, and 8-9 is 95,

127, and 81 °C, respectively, which is consistent with the degree of §'%0 shift.

REE patterns of the water also suggest that the water samples were subjected to
the water-rock interaction (Fig. A—7). The positive Ce anomalies in water can occur
through the formation of soluble Ce(IV)-carbonate species in alkaline water with high
carbonate content (Mdller and Bau, 1993). Stability fields of the Ce species on an
Eh-pH diagram (Brookins, 1988) show that Ce(IV) is the predominant species in all the
water samples. Positive Eu anomalies shown in the REE patterns are likely produced by

the dissolution of anorthite (Byrne and Sholkovitz, 1996) or, at least, plagioclase, which
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contains Ca*". This mechanism can be the reason why anorthite is only detected in the
mud samples collected from sites 1 and 7 using XRD analysis (Table A—2). The
detection of anorthite in the mud samples seems to contradict the positive Eu anomaly
observed in the water samples. However, even a partial dissolution of anorthite can
produce a positive Eu anomaly in the aqueous phase, due to the considerably higher
concentration of Eu in plagioclase than Sm and Gd, the neighboring elements of Eu
(e.g., Schnetzler and Philpotts, 1970; Pride and Muecke, 1981). Moreover, the
incorporation of other strata during the ascent of mud close to the surface cannot be
ruled out with regard to the detection of anorthite at sites 1 and 7. Although the positive
Eu anomaly is suggested to be found specifically in hydrothermal water (Byrne and
Sholkovitz, 1996), the actual temperature range needed to cause a positive Eu anomaly
in water samples during water-rock interaction is unclear at present. However, Minami
et al. (1995) showed that a small positive Eu anomaly (Eu/Eu* = 1.1) could only be
found in water in contact with basalt at 70 °C, not in the samples at 20 °C (Minami et al.,
1995). This result implies that a relatively higher temperature (over 70 °C) is required to

induce a positive Eu anomaly in water during water-rock interaction.

Another evidence of water-rock interaction is supported by the compositional
ratios of major ions. Alk/Cl and Na/Cl ratios of water collected from sites 6 and 7 are
higher than those from sites 1-4, 8§, and 9 (Fig. A—8A). K/Cl ratios of water collected
from sites 6 and 7 are also higher than those from other sites (Fig. A—8B). These results
indicate that the degrees of reaction between water and minerals (i.e., carbonates and
silicates) at sites 6 and 7 are greater than those at other sites (Dia et al., 1999). CaO and
SiO; concentrations of the mud collected from sites 6 and 7 are actually smaller than
those from other sites (Table A-3). This finding is supported further by the
Ti-normalized major element ratios of the mud samples (Fig. A—11). Ti concentration
cannot vary to a larger degree before and after the water-rock interaction because Ti is
an immobile element (Pearce and Cann, 1973; Hill et al., 2000). The Ti-normalized
ratios clearly indicate the depletions of Si and Ca in the mud samples collected from
sites 6 and 7. Moreover, Ti-normalized abundances of Fe and Mn are larger than those

of sites that may be related to the difference in the degree of water-rock interactions
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(Fig. A—11). The evidence suggests that the extensive reactions between mud and water
at sites 6 and 7 are consistent with the result of '®O shift for water and with the
calculated temperature using 8'°O of calcite and water (Fig. A—6). Although there are
slight differences, variations in the composition of water reflect the degree of interaction

with mud and vice versa.

Interestingly, Alk/Cl, Na/Cl, and K/ClI ratios of water collected from sites 8 and
9 are nearly identical irrespective of the large difference in concentrations among these
elements between the two sites (Table A—5), probably owing to the result of the dilution
by meteoric water at surface. Although the 6D values of water collected from sites 8 and
9 are almost identical, 8'*0 of water at site 8 is larger than that at site 9 (Table A—5),
which also supports the idea that the water at site 9 is diluted by meteoric water to a
large degree. The finding of dilution by meteoric water at site 9 can cause a problem,
since the temperature of water-rock interaction is calculated using oxygen isotopic
fractionation as described above (Eqn. A—2). However, the calculated temperature at
site 8 is 83 °C, which is lower than those of sites 1-4 and 6—7. This fact suggests that
the degree of '*O shift is consistent with other evidences, namely, compositional ratio
(Figs. A—8) and Ti-normalized ratio (Fig. A—11). Therefore, the most extensive
water-rock interaction occurred at sites 6—7, while weakest interaction occurred at sites

8-9.

6.3 Origin of gas

Methane is the main component of gases released from the Xinjiang mud
volcanoes as shown in Table A—7. Moreover, methane and ethane in gases are
suggested to be predominantly of thermogenic origin by the diagrams of C,/(Cy+C3)
versus 8°C; and 8"°C; (Figs. A—9). As suggested by the “Schoell plot,” which is 8"°C,
versus 0D (Fig. A—10), the gases released from Xinjiang mud volcanoes are associated

with petroleum.

Next, 8"co, values and inverse of CO, concentrations in the gas phases are

shown in Fig. A—12, where some 8'"°C values of the gas collected from Xinjiang mud
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volcanoes are markedly shifted to larger values compared to those of thermogenic
origin (Jenden et al., 1993). This heavier shift is considered to be caused by a secondary
microbial effect. A two end-member mixing model seems to be inappropriate to explain
the scattered data shown in Fig. A—12, suggesting that the complicated and
heterogeneous processes that gases has experienced. The possible process that can

explain the large variations in 8'°C values are as follows.

First, thermogenic kerogen decarboxylation should be considered because
hydrocarbons are of thermogenic origin (Figs. A-9 and A-10). Kerogen
decarboxylation reaction during source maturation shows a trend of increasing 813Cc02
with increasing CO, concentration (Jenden et al., 1993; Pallasser, 2000). The 8Ccon
values of two samples collected from sites 1 and 4 are in the area of the natural
thermogenic 8"°Ccon value, which ranges from —25 to —5%o. (Jenden et al., 1993;
Kotarba, 2001; Hosgormez et al., 2008). The 8"Cco» value of a sample collected from

site 9 also lies on the upper limit of the natural thermogenic §"°C value.

Second, anaerobic biodegradation of crude oil can be considered to explain the
large 8"°Cco; values. Oil biodegradation is suggested by high C2/C3 and i-C4/n-C4 ratios
(Pallasser, 2000; Waseda and Iwano, 2008). High C,/C; and i-C4/n-C4 ratios are
identified in our samples, thus supporting oil biodegradation. An isotopic effect of the
oil biodegradation results in the increase in 8"°C of residual CO,, which can easily
exceed +10%o (Pallasser, 2000; Waseda and Iwano, 2008). This phenomenon also
shows a trend of increasing 813Cc02 with increasing CO, concentration. The difference
between kerogen decarboxylation and oil biodegradation is that the latter shows a

steeper slope in Fig. A—12 and causes a larger shift of '"°Cco, values.
Oil biodegradation includes the following CO, reduction:
C02 + 4H2 — CH4 + 2H20 (A_3)

The reaction is also associated with a large kinetic isotope effect. The more the reaction
proceeds with decreasing CO, concentration, the more °C is enriched in residual CO».
The reaction is supported by the presence of H, gas. The largest concentration of Hj

among all the sites is found at site 4, where an almost pure thermogenic origin is

248



suggested for methane through its lowest 8'°Cco, value, implying that the reaction
(A—3) is ongoing. Smaller H, peaks are found in the chromatograms at sites 2, 6, and 7.
This finding shows that the microbes use H, gas for the reaction, resulting in the

enrichment of §'°Cco, value for these samples.

Regarding the variation in 8"°Cco, values, although sites 14 are close to one
another with similar compositions of mud and water, the gas sample at site 2 has a
higher 8'"°C value compared with those at other sites (sites 1 and 4), as shown in Fig.
A—12. This observation suggests that 8'°Cco; reflects the degree of microbial activity in
the vents at shallow levels closer to the surface. Our data are consistent with the
variable carbon isotope compositions of CO, in other mud volcanoes. Etiope et al.
(2009b) reported highly variable 8'°Cco; in different vents in individual mud volcanoes
and pointed out that CO, reduction associated with oil biodegradation seems to occur at

a depth shallower than the main gas reservoir, probably along the seepage system.

While the 8“Ccop values suggest secondary methanogenic activity, the
hydrocarbons emitted from the mud volcanoes are plotted in the field of thermogenic
origin in the “Bernard diagram” (Fig. A—9) and “Schoell plot” (Fig. A—10; Schoell,
1983). Note that the concentrations of CH4 are much larger than those of CO; in gases
released from the mud volcanoes, and the addition of CH,4 by microbial effects seems to
be negligible. Furthermore, Milkov (2010) reported that the secondary microbial CHy is
likely to show a 8"°C; value similar to that of thermogenic gas. Therefore, a dramatic
change in 8'"°C values is observed for CO, by oil biodegradation and CO, reduction,

whereas these reactions do not cause a significant 8'°C change for hydrocarbons.

6.4 Depths of the water-rock interaction and gas reservoir in the Xinjiang mud

volcanoes

Results of the 3D and 3'°0 values of water indicate that the water is subjected to
extensive water-rock interaction (Fig. A—6). In addition, the positive Eu anomalies
shown in the REE patterns of the water samples from mud volcanoes (Fig. A—7) imply

anorthite dissolution, which commonly occurs at high temperature as seen in
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hydrothermal water systems (Byrne and Sholkovitz, 1996). As discussed in Section 6.2.,
the positive Eu anomaly in the water caused by the reaction with rocks can occur when
the temperature is above 70 °C (Minami et al., 1995). If we use 70 °C as the possible
lowest temperature of water-rock interaction, the depth is calculated to be deeper than
3060 £175 m from the surface, considering that (i) the geothermal gradient of the
investigated area is 18 £1 °C/km (Nansheng et al., 2008) and (ii) the surface temperature
is 15 °C.

In general, however, the reservoir of saline fossil waters related to petroleum is
deeper than that of gas and crude oil due to their density variations. At the Dushanzi oil
field, which is close to sites 8-9, Oligocene crude oil is collected from the depth of
3644-3656 m beneath the surface (Clayton et al., 1997). Therefore, if we apply 81 °C
as the lowest temperature for the water-rock interaction calculated from oxygen isotope
ratio, the depth is about 3670 +200 m, slightly deeper than the reservoir of oil at
Dushanzi mud volcanoes (sites 8 and 9). In addition, the water-rock interaction occurs

deeper than 3670 m for sites 14 and 6—7 due to the higher calculated temperature.

Considering that the gases released from mud volcanoes can be related to the
petroleum reservoir (Fig. A—10) and that generally the gas reservoir is above the
petroleum reservoir, the thermogenic gas released from Xinjiang mud volcanoes would
be derived from about 3600 m beneath the surface. This depth, 3600 m, is greater than
those of other mud volcanoes releasing BC-enriched CO, (Pallasser, 2000; Etiope et al.,
2009b). Such greater depth can be related to the geology of the Junggar Basin. The
Junggar Basin is covered by very thick sediments, and its geothermal gradient is lower
than that of the average continental crust especially in the western and southern margins

of the basin (Avouac et al., 1993; Nansheng et al., 2008).

Assuming that the (i) surface temperature is 15 °C, (ii) average geothermal
gradient of the area is 18 =1 °C /km (Nansheng et al., 2008), and (iii) depth of the gas
reservoir is 3600 m, the temperature of the gas reservoir is calculated to be 79.8 +3.6 °C.
If the depth of the gas reservoir is 3640 m, slightly above the petroleum reservoir, the

temperature is calculated to be 80.5 +3.6 °C. These calculations suggest that the
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temperature of the gas reservoir in Xinjiang mud volcanoes is within the highest range
of 60-80 °C, where anaerobic biodegradation can occur in other mud volcanoes
(Pallasser, 2000; Etiope et al. 2009b), or slightly higher than the suggested temperature

range.

The depth of oil biodegradation, including CO, reduction reactions occurring in
this area, can be shallower than the reservoir depth of the gas. The shallower depth of
oil biodegradation can be supported by the heterogeneous 8Ccoy values observed
among sites 1, 2, and 4, which would have the same reservoir due to their close
locations and similarities, as shown in other data. Etiope et al. (2009b) implied the
possibility that the deep reservoir of thermogenic gas associated with secondary
microbial activity in shallow depth. This study reinforces the presence of deep reservoir
for thermogenic gas followed by the secondary microbial activity which occurs in the

vents above the reservoir (Fig. A—13).

7 Conclusions

This study provides, for the first time, a data set of mud, water, and gas released
from mud volcanoes in northwestern China. Major and trace element compositions of
mud suggest that the mud can originate from Mesozoic or Cenozoic shale. The origin of
water is suggested to be fossil meteoric water which has experienced interactions with

rock. Thermogenic methane dominates the composition of gas.

Taking into account the petroleum reservoir around the mud volcanoes, the
reservoir depth of gas can be about 3600 m. As suggested by the geothermal gradient of
studied area, the water-rock interaction occurs deeper than 3670 +200 m. The oil
biodegradation occurs at a shallower depth along the seepage system of the mud
volcanoes which caused large isotopic change for CO,. This study provides an example
of terrestrial mud volcanoes that release thermogenic gas from very deep sedimentary

layers, followed by microbial activities which occur in the vents above the reservoir.
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Table A—1. Coordinates, altitude, and size on the mud volcanoes investigated in this

study.
site 1 site 2 site 3 site 4 site 5 site 6 site 7 site 8 site 9
latitude (N) 44° 11'00.5"  44°10'58.0"  44°10'57.7"  44°10'57.0"  44°12'559"  44°11'194"  44°11'19.9"  44°1818.6"  44°18'32.1"
longitude (E) 84°23'20.5" 84° 23" 15.6" 84° 23" 14.0" 84°23'12.3" 84°24'11.1" 84°29'34.6" 84°29'35.5" 84° 50" 46.9" 84°51'15.8"
altitude (m) 1280 1273 1272 1271 902 1171 1174 964 841
size of crater (m) 24x20 1.1x09 1.1 x0.95 13x3.8 diameter 1.1 3x24 0.6x04 0.5x%0.5

Size of the crater is represented by “length x width.”
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Table A—2. Mineral compositions of the mud sample.

Site 1 Site 2 Site 3 Site 4 Site 6 Site 7 Site 8 Site 9

Ab D D D D D D D D
An D N. D. N. D. N. D. N. D. D N. D. N. D.
Calc D D T T T T D D
Chl D D D D D D D D
[lite D D D D D D D D
Kaol D D D D D N. D. N. D. N. D.
Mica D D D D D D D D
Qtz D D D D D D D D
Smec D D D D D D D D
other N. D. N. D. N. D. N. D. Verm Verm N. D. N. D.

Ab: albite; An: anorthite; Calc: calcite; Chl: Chlorite; Kaol: kaolinite; Qtz: quartz;
Smec: smectite; Verm: vermiculite. D: major mineral in the XRD pattern; T: minor

mineral in the XRD pattern. N. D. means minerals not determined.
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Table A—3. Chemical compositions of mud and soils determined by XRF.

Soil Soil Soil Mud Mud Mud Mud Soil Soil Soil Soil Mud Mud Soil Mud Mud

a b c Sitel  Site2 Site3  Site4 d e f g Site6  Site 7 h Site8  Site 9
Sio, 63.9 63.4 64.2 595 594 60.5 64.7 61.1 58.0 61.5 61.8 58.7 58.8 63.4 56.8 58.5
TiO, 0.774 0.748 0806 0.783 0.738 0.858 0812 0.672 0884 1.079 1.112 0971 0961 0.653 0821 0.734
ALO, 174 139 173 184 18.0 199 18.9 134 16.6 215 23.1 21.8 21.6 152 20.7 17.5
Fe,0,° 6.79 5.06 6.36 733 693 8.52 6.44 4.69 12.6 8.81 7.80 105 10.5 535 728 6.63
MnO 0.142 0.108 0.178 0.139 0.087 0.188 0.111 0.095 0233 0.101 0.102 0291 0211 0.113 0.084 0.100
MgO 2.50 287 2.13 322 4.18 261 2.07 278 1.30 2.18 212 226 222 273 398 3.38
CaO 341 9.57 228 3.82 5.17 193 0.885 105 7.09 0.789 0518 1.51 1.52 7.39 3.65 5.58
Na,O 239 2.62 2.85 3.30 2.05 235 251 244 1.50 191 1.16 1.31 1.85 1.83 235 2.19
K,0 3.02 248 342 322 3.30 2.81 2.94 2.60 225 2.60 2.82 2.76 2.75 3.07 3.62 3.14

P,0, 0231 0.184 0216 0221 0229 0249 0.190 0.170 0.095 0202 0.148 0355 0353 0224 0.163 0.166
Total 100.61 100.94 99.73 9992 100.11 9993 9951 9847 100.56 100.72 100.62 100.54 100.68 9995 9947 9793
LOI (%) 8.73 9.10 575 9.67 11.0 8.87 6.81 8.04 9.82 7.74 7.16 10.7 10.8 9.86 8.97 124

Sc 17.2 15.7 16.3 18.6 18.0 17.9 15.0 16.7 225 20.1 22.0 20.7 20.6 16.6 209 174
Vv 132 105 115 141 136 156 133 95.8 127 168 174 192 194 106 270 246
Cr 71.6 70.9 494 85.1 86.6 75.3 652 62.2 76.1 89.9 90.5 80.8 84.1 67.9 105 82.6
Co 164 139 17.1 18.5 158 18.0 159 133 13.8 258 258 22.1 21.1 152 18.4 142
Ni 424 353 329 51.8 51.8 45.7 36.0 31.5 338 545 559 535 54.1 38.1 49.1 384
Cu 58.6 54.1 66.2 54.1 532 51.7 508 329 64.9 539 449 61.6 63.7 35.1 54.7 515
Zn 97.0 78.1 98.8 69.7 90.3 105 98.5 76.8 116 125 121 120 116 81.8 789 822
Ga 209 17.7 21.6 243 224 253 245 16.3 21.0 25.7 29.6 27.1 27.8 18.3 26.6 223
Rb 112 94.4 116 124 122 112 111 99.0 838 100 108 111 109 119 155 126
Sr 332 409 315 456 543 430 244 483 282 225 143 293 279 375 434 384
Zr 245 363 236 173 169 226 246 265 236 243 246 244 243 234 164 173
Nb 11.8 13.1 12.6 124 12.1 12.1 11.7 11.8 10.1 132 12.9 123 12.1 12.1 14.7 125
Cs 4.19 351 621 8.14 18.8 9.08 15.8 290 5.05 4.8 103 18.1 6.18 1.61 105 10.1
Ba 613 570 697 562 522 620 572 533 1029 594 829 774 762 596 812 2034
Hf 6.52 7.67 6.14 4.84 551 5.60 7.09 6.57 572 7.03 622 643 5.94 5.89 4.42 451
w 0.360 4.50 4.19 4.18 239 1.36 2.14 1.08 247 1.05 236 0.05 224 2.68 1.66 1.13
Pb 18.6 10.7 24.0 9.80 212 249 222 16.9 199 174 21.8 23.0 233 214 124 8.65
Th 14.6 17.6 16.1 18.0 17.1 174 16.5 15.7 12.1 12.6 12.7 17.6 15.8 14.1 153 14.8
u 3.65 2.70 333 3.74 4.52 293 3.31 342 1.87 2.65 298 327 2.94 3.08 4.18 435

Amounts of oxides are in wt.%, whereas the elements listed below Sc are in mg/kg.
*Total iron as Fe;O3. LOI denotes loss on iginition.

Note that soil a—c are surface soil samples collected around the mud volcanoes are
located at sites 1—4; soil d—g are collected at around sites 6 and 7; and soil h is collected

at around sites & and 9.
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Table A—4. REE abundances (mg/kg) of mud and soil samples determined using
13 18 .
ICP-MS and 6 °C and 6 O of carbonate in the mud samples.

Soil  Soil Soil Mud Mud Mud Mud Soil Soil Soil Soil Mud Mud Soil Mud Mud
a b ¢ Sitel Site2 Site3 Site4 d e f g Site6 Site7 h  Site 8 Site 9
Y 23.6 23.0 31.0 21.6 19.0 25.1 247 214 262 24.6 28.7 292 30.1 212 23.6 19.4
La 30.5 33.7 329 24.1 226 34.1 232 264 24.0 252 295 31.0 31.3 26.7 274 214
Ce 75.7 73.3 76.9 60.5 53.1 79.1 54.5 55.1 509 64.0 75.4 82.5 78.2 578 54.7 433
Pr 8.00 7.76 7.79 6.04 5.80 8.25 5.76 5.78 5.82 6.68 791 8.50 8.07 6.11 6.48 5.15
Nd 34.1 323 33.7 255 244 355 244 24.1 249 289 343 372 352 259 243 195
Sm 7.03 6.70 722 548 5.07 745 5.08 5.05 526 6.07 741 798 752 548 498 4.03
Eu 1.36 1.25 142 1.11 1.00 1.46 1.00 0969 1.16 1.34 1.62 1.66 1.55 1.10 0924 0583
Gd 6.55 6.50 723 535 491 6.99 4.84 4.96 547 5.87 7.17 7.67 740 533 4.40 3.60
Tb 1.03 1.02 1.14 0857 0.769 .11 0.778 0.791 0900 0.944 1.15 122 1.16 0847 0.773  0.646
Dy 593 5.73 6.58 5.03 435 6.37 4.55 4.57 5.53 5.56 6.84 7.10 6.76 498 4.53 3.63
Ho 1.18 1.16 1.34 1.01  0.869 129 0910 0927 1.12 1.13 1.40 1.45 1.36 1.00 0913 0.764
Er 3.50 342 399 3.00 2.60 3.84 2.73 2.74 332 339 422 435 4.10 3.02 2.75 221
Tm 0.508 0487 0570 0429 0373 0544 0392 0389 0481 0483 0.606 0.628 0576 0421 0394 0331
Yb 334 3.26 3.76 291 2.51 3.71 2.62 2.61 3.16 324 4.09 4.20 393 2.87 2.63 2.11
Lu 0.503 0478 0563 0437 0378 0545 0396 0386 0475 0495 0618 0.634 0.604 0429 0404 0326
Ce/Ce* 1.11 1.03 1.10 1.15 1.06 1.07 1.08 1.02 0.98 1.12 1.13 1.16 1.12 1.03 0.94 0.94
EwEu* 0.94 0.89 0.92 0.96 0.94 0.95 095 0.91 1.02 1.06 1.05 1.00 0.98 0.96 093 0.72
ZREE 203 200 216 163 148 215 156 156 159 178 211 225 218 163 159 127
d3C N.A. NA. NA. +1.1 238 +6.1 -1.1 NA. NA. NA. NA. +I57 +156 N.A. -060 +091
6'80 N.A. N.A. N.A. +250 +262 +20.1 +23 N.A. N.A. N.A. N.A. +199 +20.6 N.A. +247 +255

Ce/Ce* = Cen /4/Lay xPry , EwEu* = Eun/,/Smy xGd, where N denotes the UCC

normalized values.

Note that soil a—c are surface soil samples collected around the mud volcanoes located

at sites 1—4; soil d—g are collected around sites 6 and 7; and soil h is collected at around

sites 8 and 9. Note also that 8'"°C values are in %o VPDB, whereas 8'°0 values are in %o

VSMOW. N. A. means that samples not analyzed isotope ratios.
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Table A—5. Chemical characteristics of water samples.

site 1 site 2 site 3 site 4 site 5 site 6 site 7 site 8 site 9

pH 8.78 8.40 8.65 9.16 8.43 7.35 7.80 7.75 8.08

Eh (mV) -119 -86 -100 -127 9 28 -54 -50 -69
temperature (°C) 9.40 9.40 10.4 8.70 11.6 152 22.0 11.8 122
conductivity (mS/cm) 11.6 11.6 12.7 113 0.506 6.03 7.80 18.5 5.56
salinity (%o) 6.7 6.4 7.2 6.3 0.0 3.2 3.0 10.7 2.9
dissolved O, (ppm) 0.60 0.86 0.39 0.38 0.72 0.82 0.75 0.55 0.46
F (mM) 0.02 0.02 0.02 0.01 0.02 0.03 0.02 0.02 0.02

CI (mM) 109 105 101 92.3 0.84 323 335 180 72.4

Br (mM) 0.26 0.26 0.25 0.26 0.01 0.09 0.09 0.47 0.35
NO; ™ (mM) 0.32 1.06 0.35 0.61 0.10 0.29 0.50 0.25 1.13
SO,2* (mM) 0.49 1.32 2.00 3.56 2.46 3.69 1.06 9.98 3.55
Alk (mM) 71.0 71.0 60.0 56.7 2.00 53.0 53.0 10.0 10.0
Na™ (mM) 145 154 145 143 1.26 75.6 80.4 193 73.1

K (mM) 0.15 0.23 0.24 0.25 0.09 0.51 0.66 0.41 0.22
Ca®" (mM) 0.26 0.48 0.36 0.09 3.04 0.29 0.32 6.75 0.93
Mg (mM) 0.69 3.70 0.87 0.33 0.85 4.09 595 1093 4.09
3D (%o VSMOW) 67.1  -78.8  -83.1 -82.1 712 7715 2992 571 573
5"%0 (% VSMOW) -15 2.5 3.0 30  -106 -1.0 4.6 32 5.7
8"3C (% VPDB) 124 16.9 32 37 233 35.6 333 27.6 23

* Total sulfur as SO4.
Note that the 3D and §'°O values represent the isotope ratio of water, and 8"°C
represents the isotope ratio of dissolved carbonate in water. (Site 5: river water. Other

sites: water from mud volcanoes)
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Table A—6. REE concentrations (ng/L) in the water samples.

Site 1 Site 2 Site 3 Site4  Site 5 Site 6  Site 8

Y 57.9 90.7 18.2 554 14.2 44.5 6.43
La 36.5 126 5.77 8.32 9.94 5.61 1.93
Ce 142 299 12.0 27.2 21.1 14.1 4.38
Pr 10.3 27.2 1.15 2.44 2.77 1.53 0379
Nd 41.2 110 5.08 10.5 11.4 6.17 1.50
Sm 9.87 253 1.80 3.18 2.26 1.47 0.254
Eu 8.51 17.9 10.6 6.75  0.796 1.52  0.554
Gd 9.69 23.2 2.78 4.05 2.65 226 0369
Tb 1.61 373 0308 0814 0347 0511  0.095
Dy 9.38 18.6 2.22 6.36 1.83 4.03  0.693
Ho 2.02 3.54  0.545 1.71  0.357 1.10  0.195
Er 6.65 10.2 1.86 6.49 1.01 3.74  0.602
Tm 1.09 1.35  0.306 1.22 0.122 0.630 0.109
Yb 8.61 9.31 2.35 9.97  0.662 439 0.662
Lu 1.36 1.35 0394 1.67 0.093 0790 0.128
Ce/Ce* 1.67 1.16 1.06 1.38 0.92 1.09 1.17
Eu/Eu* 4.09 346 2226 8.83 1.53 3.91 8.51
>REE 347 767 65.4 146 69.6 92.3 18.3

Ce/Ce* = Cen /4/Lay xPry , EwEu* = Eun/,/Smy xGd, where N denotes the UCC

normalized values. (Site 5: river water. Other sites: water from mud volcanoes)
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Table A—7. Concentrations and stable isotope compositions of the gas samples.

Site 1 Site 2 Site 4 Site 6 Site 7 Site 8 Site 9

Gas composition (Vol. %)

N> N.D. 0.5 5.6 5.8 6.2 0.8 15.7
CH,4 91.6 89.0 89.6 81.5 80.4 92.6 75.8
C,He 8.3 10.1 8.5 54 6.2 6.2 7.7
C;sHg 0.002 0.004 0.1 0.002 0.02 0.6 1.0

Gas composition (ppmv)

i-Cy <1 <1 9.8 <1 0.9 400 1390
n-Cy 2.4 45 120 1.6 3.5 1430 2540
CO,* 1950 4970 973 1360 1740 4450 3060
6"3C (%, vPDB)

CH,* —45.9 —43.7 424 —40.7 -39.7 —40.5 -38.6
C,H; -28.1 ~26.9 -28.1 -30.8 —28.4 -27.9 272
CO,* 80  +162 ~11.5 +21.1 4246 4298 4.8

SD (%0 VSMOW)
CH.* 229 244 227 252 264 229 242
C,Hg 143 180 223 183 203 ~194 181

*The effect of air contamination is corrected.

N. D. means not detected.
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Fig. A—1. Schematic map of sampling locations. Map A depicts the whole of China; the
dashed line represents the border of the Xinjiang Uyghur Autonomous Region. Map B
depicts three quarters of Xinjiang; the dashed line represents the Tianshan Mountains.
Location of a square marked on map B is enlarged on map C. Site 9 is situated near the

Dushanzi District.
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Fig. A—2. Photographs of the studied mud volcanoes. A—H: Crater of the mud
volcanoes at sites 1-9, respectively. Length and width of craters are given in Table A—1.

I: Panoramic view of site 6; J: “Twin” mud volcanoes at sites 6 (right) and 7 (left).
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Fig. A—2. Photographs of the studied mud volcanoes (continued).
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Patterns of the entire range of REE in crude oils and coexisting water, collected from mud volcanoes in Xinjiang
Province of China, are reported here for the first time. Crude oils show light REE enriched patterns with flat or depleted
patterns in heavy REE, when normalized to chondrite. The REE concentrations in crude oils are larger than those in
coexisting water by a factor of more than one hundred. Considering the hydrophobicity of oil and the high ionic character-
istics of REE, it is strongly suggested that REE form complexes with ligands present in the crude oils. Based on the '*C
NMR spectroscopy, it is found that small amounts of phenol and carboxyl groups are contained in the crude oil samples,
which could possibly provide complexing sites for REE. REE patterns of crude oils are similar to those of coexisting mud
samples collected from the same mud volcanoes, which suggests that the REE in crude oils are derived from rocks and

sediments where crude oils were generated.

Keywords: rare earth elements, crude oil, partition coefficient, NMR, Junggar Basin

INTRODUCTION

Rare earth elements (REE) show similar chemical
properties with each other, because the outermost elec-
tron orbits are same. Their chemical similarities induce
systematic partition in various natural systems. Conse-
quently, relative abundances of REE, namely REE pat-
tern, reflect chemical processes occurring in various sys-
tems on the earth. These properties enables REE pattern
to be a useful effective geochemical tracer (Henderson,
1984). Recently, Zhang et al. (2009) suggested that REE
patterns of crude oils could provide genetic information
on the oils, while Akinlua et al. (2008) noted that REE
contents of oils are useful in the classification of oils.
However, the existing quantum of REE data of crude oil
samples is still insufficient. Complete REE patterns are
neither reported by Akinlua et al. (2008) nor by Takeda
and Arikawa (2005). Here we report REE abundances
measured in crude oils from the Xingiang Province, China
to provide more data towards the building of a database
on REE abundances of crude oils.

A correct interpretation of the chemical state of REE
in crude oils is necessary to ascertain genetic processes
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and provenances of the oils. Further it controls the shape
of REE patterns which depends on the REE partition of
species between the aqueous and the solid phases (Byrne
and Kim, 1990; Takahashi et al., 2005; Yamamoto et al.,
2010). For example, complexation with carbonate ions
induces a preferential distribution of heavy-REE (HREE)
into the aqueous phase (e.g., Byrne and Sholkovitz, 1996;
Johannesson et al., 1996). Thus, it is expected that REE
distribution between crude oil and water phase involves
the information of REE species incorporated into the crude
oil. Consequently, REE abundances were measured in
both crude oils and coexisting water.

SAMPLES AND METHODS

Samples

Samples of crude oils along with their coexisting
muddy water were collected from the mud volcanoes
along the southern margin of the Junggar Basin in
Xinjiang Uyghur Autonomous Region of China. The
Xinjiang Province can be divided into two sedimentary
basins, the Junggar Basin in the north and the Tarim Ba-
sin, south of the Tianshan Mountains. The Xinjiang Prov-
ince is well known for its large oil deposits (e.g., Lee,
1985; Desheng, 1996), and several oil fields occur along
the margin of these basins. There are several active mud
volcanoes along the south margin of the Junggar Basin
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Fig. 1. Schematic map of sampling locations. Map A depicts entire China and the dashed line represents the border of Xinjiang
Uyghur Autonomous Region. Map B depicts three quarters of Xinjiang and the dashed lines represent Tianshan Mountains.
Location of a square marked on map B is enlarged to map C. Site 4 is situated near Dushanzi District.

(Fu et al., 2007), erupting gas, oil, water and mud. Sam-
ples were collected from four sites along the southern
margin of the Junggar Basin (Fig. 1). Site 1 is located in
an area where many mud pies, flat mud extrusive feature,
discharge mud and gas. Sites 2 and 3 are “twin” mud vol-
canoes which are located in a mountainous region, while
site 4 is situated near the Dushanzi refineries. Oil slick
and crude oil were seen in all sites studied here. Samples
of muddy water were collected directly from the crater of
mud volcanoes, and were filtrated on site by 0.45 um
membrane filters. After filtration, samples were acidified
to 2 wt.% nitric acid solution to prevent the precipitation
of Fe and REE. Samples of crude oils were centrifuged
for 20 minutes at 2,000 rpm to separate oil from water
and mud. Previous studies (e.g., Clayton et al., 1997) in-
dicate that crude oil samples that we collected in the
Dushanzi area have relatively lower maturity with pre-
dominance of saturated hydrocarbons relative to aromat-
ics and non-hydrocarbons.

Analytical methods

To determine the molecular structure of sampled crude
oils, nuclear magnetic resonance (NMR) spectroscopy was
conducted on carbon atom (!3C NMR) for samples from
sites 2 and 4 using a JEOL ECA600 at the Natural Sci-
ence Center for Basic Research and Development (N-
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BARD), Hiroshima University. The NMR spectra for
other crude oils could not be obtained due to the low
amount of collected samples. CHNS analysis was not
possible because the weight of the oil could not be cor-
rectly measured due to the volatilization of volatile com-
ponents.

The difficulty in measuring the concentrations of REE
in crude oils lies in the separation of REE from crude oils
(Akinlua et al., 2008; Takeda and Arikawa, 2005). If or-
ganic matter is not perfectly decomposed, the residual
organic matter can have harmful effects on the measure-
ment of REE by inductively coupled plasma mass
spectrometry (ICP-MS); (i) introduction of organic mat-
ter into the ICP-MS leads to the formation of carbon-
containing ions such as C**, CO** and ArC* (Lord, 1991);
(ii) some carbon-bearing materials can be deposited at
the interface into the mass spectrometer of the ICP-MS;
(iii) high viscosity and boiling point of crude oils lower
their atomization efficiency. Thus, a complete decompo-
sition of organic matter is necessary to determine the con-
centration of REE in crude oils. In this study, about 0.1 g
of weighed crude oil was decomposed by heating (at ca.
180°C) for a week in 68 wt.% HNO; solution in a Teflon
vessel with a screw cap. After evaporation, the organic
matter was thoroughly digested using H,SO, (at ca.
230°C). The samples were evaporated again at 230°C and
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Fig. 2. 3C NMR spectra of crude oil samples at sites 2 and 4.
The numbers at the top of the figures indicate the relative
intensities of the peaks presently out of range of the figures.

finally dissolved in 2 wt.% HNO; and analyzed using an
Agilent 7500 ICP-MS. In this study, Y was also deter-
mined as well as the lanthanoids. The loss of REE during
decomposition, evaporation and redissolution processes
is negligible as suggested by results from rock samples
treated in the same way (Takahashi et al., 2002).

The REE concentrations in water samples were also
determined by ICP-MS. Since concentrations of some
REE in groundwater are generally lower than ppt level,
REE were pre-concentrated using a column (diameter 1.0
cm, length: 10 cm) loaded with a cation exchange resin
AG50W-X8 (Takahashi et al., 2002). About 250 mL of
weighed sample was introduced into the column. Major
cations were eluted by 2 M HCI solutions and REE were
eluted by 40 mL of 6 M HCl solution. The eluted solution
containing REE was evaporated and redissolved by 2 wt.%
HNOj; solution, which was used for the REE determina-
tion by ICP-MS. In addition, total organic carbon (TOC)
in water samples was determined using a TOC analyzer
(TOC-V gy; Shimadzu). Abundance of iron (Fe) in water
samples was determined using an ICP-atomic emission
spectrometry (ICP-AES; SII Nano Technology).

RESULTS

The '*C NMR spectra of two samples (sites 2 and 4)
show several peaks from 10 to 60 ppm, around 77 ppm

Table 1. REE concentrations (ugl/g) in crude oil sam-
ples

Element Site 1 Site 2 Site 3 Site 4
Y 22.8 337 1350 242
La 33.6 288 861 386
Ce 66.6 662 2150 843
Pr 7.91 59 278 102
Nd 30.1 233 1140 397
Sm 6.52 47.2 182 84.4
Eu 1.55 11.2 38.2 16.7
Gd 5.70 444 166 74.6
Tb 1.01 8.1 324 12.0
Dy 5.31 48.0 187 62.2
Ho 1.08 10.1 39.2 11.0
Er 3.23 32.8 125 29.3
Tm 0.446 4.74 17.9 345
Yb 2.98 324 124 21.0
Lu 0.437 493 18.4 2.77
YREE 189 1820 6710 2290

and from 120 to 150 ppm. These peaks, often observed in
crude oils (Hasan ef al., 1983; Sharma et al., 2008) can
be ascribed to the presence of functional groups of
aliphatic carbons (0—70 ppm), formyl groups (77 ppm)
and aromatic carbons (110-160 ppm), respectively (Fig.
2). In addition, we observed peaks at 145 ppm for crude
oil samples collected at sites 2 and 4, which suggest the
presence of phenol groups (Thorn et al., 1989). A peak at
191 ppm observed in a crude oil sample from site 2 is due
to the presence of a carboxyl group.

The REE concentrations in crude oil samples have
been normalized to a CI chondrite (Anders and Grevesse,
1989; Table 1, Fig. 3a). Light-REE (LREE) enrichment
is observed in all the REE patterns of crude oils. Flat
heavy-REE (HREE) patterns are observed for oil sam-
ples collected from sites 1, 2 and 3, while HREE-depleted
pattern is observed for that collected from site 4. The
former three samples from sites 1 to 3 have convex pat-
terns in the Gd-Tb-Dy—-Ho span, i.e., M-type effect shown
in the third tetrad (Masuda et al., 1987). The concentra-
tions of REE collected from site 3 are the highest among
all collected crude oils, while site 1 has the lowest REE
concentrations. Although the concentrations of REE have
wide variations among each site, such a variation can be
caused by different abundances of functional groups in
crude oils (Zhang et al., 2009). All the crude oil samples
showed negative Eu anomalies, whereas no distinct Ce
anomalies were found.

The concentrations of REE in coexisting water were
also determined and have been normalized to the CI
chondrite (Anders and Grevesse, 1989; Table 2, Fig. 3b).
The chondrite-normalized REE pattern for water sample
of site 1 is enriched in LREE, while that for water col-
lected at site 2 shows a V-shaped pattern (Fig. 3b). Both
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REE patterns have distinct positive Eu and small posi-
tive Ce anomalies, respectively. The results of XRD analy-
sis of mud samples showed that the mud contained
feldspars. Thus, the positive Eu anomalies shown in the
REE patterns can be induced by the dissolution of
anorthite (Byrne and Sholkovitz, 1996), while the posi-
tive Ce anomalies can be related to the formation of
Ce(IV)-carbonate species in alkaline water with a high
carbonate content (Méller and Bau, 1993). Actually, ac-
cording to the classification of the “true Ce anomaly”
suggested by Bau and Dulski (1996), water sample col-
lected at site 1 exhibits positive Ce anomaly. On the other
hand, water sample collected at site 2 shows negative La
anomaly, suggesting the presence of M-type tetrad effect
as seen in the upward concave curve in the La—Ce—Pr—
Nd span in the REE patterns (e.g., Bau, 1996; Takahashi
et al.,2002). The REE concentrations in mud and surface
soil samples have been normalized to the CI chondrite
(Anders and Grevesse, 1989; Table 3, Fig. 3c¢). All sam-
ples are rich in LREE, typical for sedimentary rocks, with
negative Eu anomalies with Eu/Eu* varying from 0.47 to
0.68.

DISCUSSION

Comparison of REE abundances in crude oils with previ-
ous reports

Previous reports on REE abundances in crude oils
(Akinlua et al., 2008; Takeda and Arikawa, 2005) mostly
provided patterns of LREE, but not the complete REE
patterns. Total REE abundances reported by Akinlua et
al. (2008) and Takeda and Arikawa (2005) are less than 3
ng/g. Recently, Zhang et al. (2009) reported REE pat-
terns for crude oils, which show a zigzag structure with
enrichments of Nd, Eu, Tb, Ho, Tm and Lu in all their
crude oil samples except one. They suggested that the
enrichment of MREE with an even number of f electrons
and the enrichment of HREE in crude oils result from
higher stability constants of organic complexes with these
elements. However, such zigzag REE patterns can be an
analytical artifact, because the odd numbered REE gen-
erally occur in lower concentrations, often well below the
detection limit of available instruments. Our report of
complete REE patterns of crude oils is thus important,
since resolution of the fine structure of REE patterns al-
lows us to estimate the REE species in the samples. Total
REE abundances of the crude oil samples showing zigzag
patterns in Zhang et al. (2009) are less than 30 ug/g, while

La Ce PrNdPmSmEuGd Tb DyH(%K ErTmYbLu

Fig. 3.
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Fig. 3. Chondrite-normalized REE patterns of (a) crude oil,
(b) water and (c) mud samples collected at mud volcanoes in
Xinjiang Province, China. REE concentrations of CI chondrite
are taken from Anders and Grevesse (1989).



Table 2. REE concentrations (ng/
L), pH, alkalinity (mM), calcu-
lated CO;*~ concentrations
(mM), TOC (mg/L) and concen-
tration of iron (Ug/L) in water

samples
Element Site 1 Site 2
Y 90.7 44.5
La 126 5.61
Ce 299 14.1
Pr 27.2 1.53
Nd 110 6.17
Sm 25.3 1.47
Eu 17.9 1.52
Gd 23.2 2.26
Tb 3.73 0.511
Dy 18.6 4.03
Ho 3.54 1.10
Er 10.2 3.74
Tm 1.35 0.630
Yb 9.31 4.39
Lu 1.35 0.790
YREE 767 92.3
pH 8.40 7.35
Alkalinity 71 53
CO,*" 70 48
TOC 7.20 6.54
Fe 4.52 3.85

the sample with smooth pattern contains more than 140
ug/g (Zhang et al., 2009). Compared with the Zhang et
al. (2009) data, our crude oil samples have higher REE
abundances (except for Y), ca. 160, 1500, 5360, 2050 ug/
g for sites 1, 2, 3 and 4, respectively (Table 1).

REE complexes in crude oils

It must be noted that concentrations of REE in crude
oils are much larger than those in water. The preferential
REE partitioning into the crude oil rather than water sug-
gests that REE form neutral species and complexes with
organic matter in the oil phase, because crude oil is hy-
drophobic and REE have high ionic properties. '*C NMR
spectra of crude oils collected from the sites 2 and 4 dem-
onstrate the presence of aliphatic carbons, formyl group,
aromatic carbons and phenol groups. Furthermore, the
crude oil collected from site 2 shows a peak at 191 ppm,
which indicates the presence of carboxyl group (Fig. 2).
The phenol and carboxyl groups can act as binding sites
for metal cations, similarly to metal complexation in hu-
mic substances (Tipping, 2002). Thus, it is suggested that
the large partition of REE into crude oil relative to water
can be caused by the formation of complexes with these
ligands occurring in crude oils.

The evidence that REE form complexes with ligands
in the oils is supported by the M-type tetrad in the Gd—
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Fig. 4. Partition coefficients between crude oil and water.

Tb—Dy-Ho span observed for some of our oil samples. It
has been often reported that M-type tetrad is observed in
complex formation of REE with ligands such as found in
the complexation with extractant in organic phases in
liquid-liquid extraction system (Peppard et al., 1969; Yaita
and Tachimori, 1996; Yamamoto et al., 2010). In addi-
tion, the differences observed in the REE patterns between
crude oils collected from sites 2 and 4 could be due to the
presence of different REE complexes they are bound to.

Partition coefficients of REE between crude oil and wa-
ter

REE partition coefficients between crude oil and wa-
ter were calculated for samples from sites 1 and 2, where
both phases were collected. Partition coefficient patterns
show that the coefficients for the samples collected from
site 2 are higher than those of the samples collected from
site 1 by more than an order of magnitude, with negative
Eu anomalies presented in both patterns (Fig. 4). If REE
in both phases were in equilibrium, the degree of Eu
anomalies would be expected to be similar between oil
and water phases, which obviously is not the case. Our
results suggest that although the two phases are in con-
tact, the REE partition between oil and water is not at
equilibrium. The strong binding of REE in the oil phase
perhaps inhibits the redistribution of REE into the water
phase. This might also explain the large discrepancy of
the partition coefficients calculated in samples collected
from sites 1 and 2.

To evaluate the complexation of REE in the oil phase,
it is better to obtain partition of REE in the oil phase rela-
tive to free REE ions in water. The partition coefficient
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Table 3. REE abundances (mglkg) of mud and rocks determined using ICP-MS

Element Rock Mud Rock Mud Mud Rock Mud
(i) Site 1 (i) Site 2 Site 3 (i) Site 4
Y 23.6 19.0 28.7 29.2 30.1 21.2 19.4
La 30.5 22.6 29.5 31.0 31.3 26.7 21.4
Ce 75.7 53.1 75.4 82.5 78.2 57.8 433
Pr 8.00 5.80 791 8.50 8.07 6.11 5.15
Nd 34.1 24.4 34.3 37.2 35.2 25.9 19.5
Sm 7.03 5.07 741 7.98 7.52 5.48 4.03
Eu 1.36 1.00 1.62 1.66 1.55 1.10 0.583
Gd 6.55 491 7.17 7.67 7.40 5.33 3.60
Tb 1.03 0.769 1.15 1.22 1.16 0.847 0.646
Dy 5.93 4.35 6.84 7.10 6.76 4.98 3.63
Ho 1.18 0.869 1.40 1.45 1.36 1.00 0.764
Er 3.50 2.60 4.22 4.35 4.10 3.02 2.21
Tm 0.508 0.373 0.606 0.628 0.576 0.421 0.331
Yb 3.34 2.51 4.09 4.20 393 2.87 2.11
Lu 0.503 0.378 0.618 0.634 0.604 0.429 0.326
Ce/Ce* 1.16 1.11 1.18 1.22 1.18 1.09 0.99
Eu/Eu* 0.61 0.61 0.68 0.64 0.63 0.62 0.47
YREE 203 148 211 225 218 163 127

CelCe* = Cecyl \/Lacy X Prey , EwlEu* = Eucyl \JSmey X Gdey where CN means chondrite normalized values.
Note that rock (i) is a sedimentary rock sample collected around mud volcanoes locate site 1, rock (ii) is collected around sites 2 and 3, and rock

(iii) is collected around site 4.
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Fig. 5. Partition coefficients between crude oil and free REE
ions in water.

of REE in the oils phase to free ions in the aqueous phase
can be directly compared with the stability constants (3)
of REE with known ligands (=L*") formulated for free
REE ions (=Ln%*%) as frgpy = [Ln-LC2*]/([Lo**][L7]).
A speciation calculation using the Windermere Humic
Aqueous Model (WHAM; Tipping, 1994) was conducted
to determine the free REE ions in our water samples. In-
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trinsic stability constant (log Ky;,) values of REE and
humic complexes were obtained from Yamamoto et al.
(2010). We assumed that humic acid constitutes 50% of
the total organic carbon and that all iron dissolved in the
water is bound to humic acid as Fe(III) (Herbert and
Bertsch, 1995; Yamamoto et al., 2009). Based on the con-
centrations of free REE ions, we reevaluated the parti-



tion coefficient of REE into oil phase normalized by free
REE ions in the water. A relatively high pH and a large
content of carbonate ions in the water samples (Table 2)
can lead to lower fractions of free REE ions for the heavier
REE. Although a complete equilibrium of REE between
oil and water phases may not be attained, the REE parti-
tion coefficients to free REE ions in water phase clearly
show enrichments for Sm and Lu (Fig. 5). Such a trend is
known for the stability constants of REE with carboxylic
acids (Smith and Martell, 1987), which were detected in
our crude oil samples by '3C NMR spectra. It is most
likely that the complexation of REE with these ligands
induces larger partitions of REE into crude oils relative
to the water phase.

Origin of REE in crude oil

The REE patterns of the crude oils were compared
with those of coexisting mud (Table 3; Fig. 6). Samples
of crude oils collected from sites 1, 2 and 3 show flat
mud-normalized REE patterns, while the crude oil col-
lected from site 4 shows an HREE-depleted pattern. The
flat patterns suggest that REE in crude oils principally
inherit those in coexisting mud which originates from
surrounding sedimentary rocks. The HREE depletion ob-
served at sample collected from site 4 in Fig. 6 can be
due to the lower abundances of HREE in crude oil itself
shown in Fig. 3a, since REE patterns of mud samples
erupted from mud volcanoes were very similar among all
sites (Table 3). The absence of carboxyl groups, as dis-
cussed above, can cause the depletion of HREE in the oil
samples. Thus, we speculate that REE in crude oil sam-
ple collected from site 4 is also derived originally from
sediments.

Difference of Y/Ho ratio shown in Fig. 6 can be caused
by the difference of their source reservoirs, in particular
REE abundances in water contacted with oil in each res-
ervoir. Although the Y/Ho ratios of mud samples are al-
most the same in a range from 20.1 to 25.4 (Fig. 3c), the
ratio varies greatly among water samples with the ratio
of 25.6 for site 1 while 40.5 for site 2 (Fig. 3b). Water-
rock interactions can induce the increase of Y/Ho ratio in
water relative to the original rock source to various ex-
tents depending on the degree of water-rock interaction
(Bau, 1996; Takahashi et al., 2002). Since REE abun-
dances in water primarily affect REE abundances in oils,
the Y/Ho ratio in oil can be variable depending on the
ratio in water in each system. In addition, water-rock in-
teraction causes positive Eu anomalies in water samples,
which in turn induces positive Eu anomaly in the oil nor-
malized to mud as shown in Fig. 6. The degree of Eu
anomaly is also dependent on the water-rock interaction
in each system. Thus, both Y/Ho ratio and degree of Eu
anomaly are variable among different samples (Fig. 6).

The cerium anomaly, which is often observed in plants

(Fu et al., 1998) or in marine organic matters (e.g., Fleet,
1984), is absent in our crude oil samples. If REE in crude
oils are originated from the precursors of oils such as the
plants and the marine organic matters, it is most likely
that REE patterns of the crude oils have Ce anomalies,
which is obviously not the case in our samples. This im-
plies that REE in our crude oil samples are originated
from those in surrounding rocks during diagenetic proc-
esses associated to the maturation of the crude oils.

CONCLUSIONS

The study of REE abundance patterns in crude oils
and coexisting water and mud samples from the Xingiang
Province, China, brought to the following conclusions:

(1) REE in crude oils derived from their source rocks
and sediments;

(2) REE in crude oils mainly form carboxylate and
phenolate complexes, which induce a larger partition of
REE into the crude oil relative to the coexisting water
phase.

Due to a lack of reported data of REE in crude oils,
the present study can constitute a preliminary database
which may contribute to understand the genetic processes
of maturation of hydrocarbons.
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A comprehensive study was performed to characterize, for the first time, the mud, water, and gases
released from onshore mud volcanoes located in the southern margin of the Junggar Basin, northwestern
China. Chemical compositions of mud, along with the geology of the basin, suggest that a source of the
mud is Mesozoic or Cenozoic shale. Oxygen and H isotope compositions of the released water suggest
a local meteoric origin. Combined with the positive Eu anomalies of the water, a large '80 shift of the
water suggests extensive interaction with rocks. Gases discharged from the mud volcanoes are predom-
inantly thermogenic hydrocarbons, and the high §'3C values (>+20% VPDB) for CO, gases and dissolved
carbonate in muddy water suggest secondary methanogenesis with CO, reduction after oil biodegrada-
tion.

The enrichments of Eu and '®0 in water and the low thermal gradient of the area suggest that the
water-rock interactions possibly occur deeper than 3670 + 200 m. On the other hand, considering the
relationship to the petroleum reservoir around the mud volcanoes, the depth of the gases can be derived
from about 3600 m, a depth that is greater than that generally estimated for reservoirs whose gas is char-
acterized by '3C-enriched CO,. Oil biodegradation with CO, reduction likely occurs at a shallower depth
along the seepage system of the mud volcano. The results contribute to the worldwide data set of gas
genesis in mud volcanoes. Moreover, they further support the concept that most terrestrial mud volca-
noes release thermogenic gas produced in very deep sediments and may be early indicators of oil biodeg-
radation, an important problem in the petroleum industry.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Mud volcanoes, which are characterized by the release of mud,
water and gases, are found all over the world, particularly in com-
pressional tectonic settings such as in accretionary complexes
along subduction zones (Dimitrov, 2002, 2003; Kholodov, 2002;
Kopf, 2002). Similar to magmatic volcanoes, the release of fluids
from mud volcanoes may occur during the quiescent phase or
the eruptive periods. Mud, water, and gases typically ascend
through conduits from pressurized reservoirs (e.g., Kopf, 2002).
Dimitrov (2002) summarized the factors controlling the occur-
rence of mud volcanoes: (i) recent tectonic activity, particularly a
compressional regime; (ii) rapid loading of rocks due to fast sedi-
mentation, accretion, or overthrusting; (iii) active hydrocarbon
generation; and (iv) existence of thick, fine-grained, soft sediments
deep in the sedimentary succession. The main factor of mud vol-

* Corresponding author. Tel.: +81 82 424 7460; fax: +81 82 424 0735.
E-mail address: ryo-nakada@hiroshima-u.ac.jp (R. Nakada).

0883-2927/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.apgeochem.2011.03.011

cano formation is considered to be a gravity instability in low-den-
sity sediments below the high-density rocks induced by fast
sedimentation. Gravity instability provides mud diapirism, i.e.,
the intrusion of shale or clay into overburdened sediments.

Methane is commonly a dominant component in emitted gases
from mud volcanoes (e.g., Dimitrov, 2002, 2003; Etiope and Milkov,
2004), with an average concentration of 90.6% (v/v) (Etiope et al.,
2009a). The CH4 flux from mud volcanoes to the atmosphere is
estimated to be between 10.3 and 12.6 Tga~' (Dimitrov, 2002),
5-10Tga ! (Etiope and Klusman, 2002), 5Tga~! (Dimitrov,
2003), and 6-9 Tga~! (Etiope and Milkov, 2004), and more re-
cently, 10-20 Tg a~! (Etiope et al., 2011). These estimates suggest
that mud volcanoes represent an important natural source of
atmospheric CH4 to be considered in global greenhouse gas emis-
sion inventories (Etiope, 2010).

More than 76% of terrestrial mud volcanoes release thermo-
genic CH,4 (Etiope et al., 2009a), suggesting that gases can be re-
lated to a petroleum seepage system. On the other hand, §!3C
values of CO, released from mud volcanoes vary to a large degree
(—20%o to +25%. VPDB), with positive values due to reduction of
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CO, (originally derived by kerogen decarboxylation) after hydro-
carbon biodegradation (Etiope et al., 2009b). Anaerobic biodegra-
dation of oil and natural gas has been identified to be mostly
limited to shallow reservoirs, generally shallower than 2000 m
where temperature is below 60-80 °C (Pallasser, 2000; Feyzullayev
and Movsumova, 2001). Etiope et al. (2009b) showed that the res-
ervoir depth of Azerbaijan mud volcanoes releasing '>C-enriched
CO, (5'3Cco2 > +5%0 VPDB) is shallower than 2000 m, while the res-
ervoir depth of mud volcanoes releasing lower 513Ccop values
(—20%o to +0%0 VPDB) is deeper than 2000 m up to 6000 m. How-
ever, they noted that anaerobic biodegradation of petroleum may
take place at shallower depths above the deep non-biodegraded
reservoir occurring along the seepage channels of the mud volcano
system.

This paper presents geochemical data on mud, water, and gases
discharged from mud volcanoes along the southern margin of the
Junggar Basin in northwestern China to reveal their origin. Detailed
studies on mud volcanoes in this region are needed due to a lack of
proper documentation. In addition, there are few studies on any
mud volcanoes located along the coast, in the sea, or even onshore,
based on the systematic analyses of the three components, namely,
mud, water, and gas (e.g., Kopf et al., 2003; Lavrushin et al., 1996).

In the current study, several analyses were conducted to deter-
mine the origin of mud, water, and gas. For the mud, major and
trace element compositions, including rare earth elements (REE),
were determined and compared with the reported values of mor-
aine samples from the northern Tianshan Mountains (Chang
et al., 2000). The concentrations of major elements, REE, and isoto-
pic compositions of H and O were determined to understand the
origin of water. Concentrations of the major component and their
C and H isotope compositions were analyzed to evaluate the origin
of the gases.

2. Geological setting

There are two large sedimentary basins in Xinjiang Province,
northwestern China, Junggar Basin in the north and Tarim Basin
in the south, which are separated by the Tianshan Mountains
(Fig. 1). Several mud volcanoes occur along the southern margin

R. Nakada et al. /Applied Geochemistry 26 (2011) 1065-1076

of the Junggar Basin (Fu et al.,, 2007). According to Nansheng
et al. (2008), the southern part of the Junggar Basin is underlain
by 16 km of thick sedimentary rocks deposited since the Permian.
The rocks are folded and faulted, especially on the Tianshan side of
the Junggar Basin due to the orogenic activity of the Tianshan
Mountains (Avouac et al., 1993). Due to the absence of igneous
activity, the heat flow of the southern part of the basin is low,
around 35 mW/m?, and the geothermal gradient of the investi-
gated area, obtained by oil-testing and well-logging data, is about
18 °C/km with an uncertainty of +1 °C/km (Nansheng et al., 2008).
Quaternary conglomerates, such as moraines, overlie a large part of
the basin, including the study area (Avouac et al., 1993). Evaporites
occurs around the study area (Ma et al., 2010).

The Junggar Basin is also well known for hosting crude oil (e.g.,
Carroll, 1998; Song et al., 2004; Nakada et al., 2010; Zheng et al.,
2010). The Dushanzi oil field produces oil from Cretaceous and Ter-
tiary reservoirs and lies outside the depositional limits of the
Upper Permian shales (Graham et al., 1990). Clayton et al. (1997)
collected low maturity oil at Dushanzi oil field from an Oligocene
formation at a depth of 3644-3656 m.

3. Mud volcano description

Mud volcanoes studied here are located in the cities of Wusu
and Dushanzi, Xinjiang Uyghur Autonomous Region, NW China.
The locations of mud volcanoes are shown in Fig. 1 and Table 1.
Sites 1-4 are located in the rural area south of Wusu City where
many mud pies, flat mud extrusive feature (more than 20 in
1 km?), with a gentle discharge of mud and gas, are found on a
slope of a mountain range (Photographs can be found in Fig. Al
in Supplementary material). Sites 6 and 7 are “twin” mud volca-
noes located in the mountainous region about 8 km east of sites
1-4. Although samples were not collected, another mud pie was
identified about 1 km NW of sites 6 and 7. Sites 8 and 9, situated
near the Dushanzi oil refineries, are called Dushanzi mud volca-
noes, which were discovered in early 1950’s (Zheng et al., 2010)
and the last big eruption occurred in July, 1995 (Wang et al.,
1997) (Fig. Al). Three mud pools were observed around site 9.
Sites 1-4 are pie-shaped mud volcanoes, whereas sites 6-9 are

A Xinjiang

84°30'E

Wumuke
Riv.

44°15'N

® Sites 6,7
Sites 1-4

84045'E DllShﬂllZi
°
. Sites 8,9
Kuitun |
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10 km
|

Fig. 1. Location map. Dashed line in (A) represents the border of the Xinjiang Uyghur Autonomous Region. Dashed line in (B) represents the Tianshan Mountains. Location of a
square marked on map B is enlarged on map C. Site 9 is situated near the Dushanzi District.
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Table 1
Coordinates, altitude, and size of the mud volcanoes investigated in this study.
Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9
Latitude (N) 44°11'00.5"” 44°10'58.0” 44°10'57.7" 44°10'57.0” 44°12'55.9” 44°11'19.4” 44°11'19.9” 44°18'18.6" 44°18'32.1"
Longitude (E) 84°2320.5" 84°23'15.6" 84°23'14.0" 84°23'12.3" 84°24'11.1" 84°29'34.6" 84°29'35.5" 84°50'46.9" 84°51'15.8"
Altitude (m) 1280 1273 1272 1271 902 1171 1174 964 841
Size of crater (m) 24 x2.0 1.1 x0.9 1.1 x 0.95 1.3 x 3.8 Diameter 1.1 3x24 0.6 x 0.4 0.5 x 0.5

Size of the crater is represented by “length x width” (site 5: river water).
cone-shaped [Fig. A1(i) and (j)]. Site 7 is the highest mud volcano
with a height of about 10 m [Fig. A1(f) and (j)].

Table 2
Mineral composition of the mud samples.
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Ab: albite; An: anorthite; Calc: calcite; Chl: Chlorite; Kaol: kaolinite; Qtz: quartz;
Smec: smectite; Verm: vermiculite.

D: major mineral in the XRD pattern; T: minor mineral in the XRD pattern. N. D.:
minerals not determined.

The crater sizes are listed in Table 1. Of 8 mud volcanoes, only
the crater of site 6 is a true circle, while others are elliptical in
shape (Table 1 and Fig. A1). As seen in Fig. A1(a), (d) and (e), some
of the mud in the crater has become dried. Those dried-up areas
were not counted into the size. Therefore, in the past, the crater
size of sites 1, 4, and 6 could have been larger.

Oil seepages were observed at sites 2, 3, 6, 7, 8 and 9. Among
them, the largest abundance of oil is discharged at site 9, probably
due to its location close to the Dushanzi oil field. All the mud vol-
canoes were in a quiescent period with some visible degassing, as
evidenced by bubbling in craters and mud pools.

4. Sampling and analytical methods
4.1. Sampling

Mud, water, and gas samples were collected at each mud vol-
cano. Surface organic soil samples near the mud volcanoes outside

Table 3
Chemical compositions of mud and soils determined by XRF.

Soil Soil Soil Mud Mud Mud Mud Soil Soil Soil Soil Mud Mud Soil Mud Mud

a b c Site1  Site 2 Site3  Site4 d e f g Site 6 Site 7 h Site 8  Site 9
Sio, 63.9 63.4 64.2 59.5 59.4 60.5 64.7 61.1 58.0 61.5 61.8 58.7 58.8 63.4 57.8 58.5
TiO, 0.774 0.748 0.806 0.783  0.738 0858 0.812 0.672 0.884 1.08 1.11 0.971 0.961 0.653 0821 0.734
Al,03 174 139 173 184 18.0 19.9 189 134 16.6 215 23.1 21.8 21.6 15.2 19.7 17.5
Fe,03* 6.79 5.06 6.36 7.33 6.93 8.52 6.44 4.69 12.6 8.81 7.80 10.5 10.5 5.35 7.38 6.63
MnO 0.142 0.108 0.178 0.139  0.087 0.188 0.111 0.095 0.233 0.101 0.102 0.291 0.211 0.113 0.084 0.100
MgO 2.50 2.87 213 3.22 4.18 2.61 2.07 2.78 1.30 2.18 2.12 2.26 2.22 2.73 3.98 3.38
Ca0 3.41 9.57 2.28 3.82 517 1.93 0.885 10.5 7.09 0.789 0.518 1.51 1.52 7.39 3.65 5.58
Na,O 2.39 2.62 2.85 3.30 2.05 2.35 2.51 2.44 1.50 1.91 1.16 1.31 1.85 1.83 2.35 2.19
K0 3.02 2.48 3.42 3.22 3.30 2.81 2.94 2.60 2.25 2.60 2.82 2.76 2.75 3.07 3.62 3.14
P,05 0.231 0.184 0216 0221 0.229 0249 0190 0.170 0.095 0.202 0.148 0.355 0.353 0224 0163 0.166
Total 100.56 100.94 99.74 9993 100.08 99.92 9956 98.45 100.55 100.67 100.68 10046 100.77 99.96 99.55 97.92
LOI (%) 8.73 9.10 5.75 9.67 11.0 8.87 6.81 8.04 9.82 7.74 7.16 10.7 10.8 9.86 8.97 124
Sc 17.2 15.7 16.3 18.6 18.0 17.9 15.0 16.7 225 20.1 22.0 20.7 20.6 16.6 20.9 17.4
\% 132 105 115 141 136 156 133 95.8 127 168 174 192 194 106 270 246
Cr 71.6 70.9 494 85.1 86.6 75.3 65.2 62.2 76.1 89.9 90.5 80.8 84.1 67.9 105 82.6
Co 16.4 139 171 18.5 15.8 18.0 15.9 133 13.8 25.8 25.8 22.1 21.1 15.2 184 14.2
Ni 42.4 353 329 51.8 51.8 45.7 36.0 31.5 33.8 54.5 55.9 53.5 54.1 38.1 49.1 38.4
Cu 58.6 54.1 66.2 54.1 53.2 51.7 50.8 329 64.9 53.9 449 61.6 63.7 35.1 54.7 51.5
Zn 97.0 78.1 98.8 69.7 90.3 105 98.5 76.8 116 125 121 120 116 81.8 79.9 82.2
Ga 20.9 17.7 21.6 243 224 25.3 24.5 16.3 21.0 25.7 29.6 27.1 27.8 183 26.6 223
Rb 112 94.4 116 124 122 112 111 99.0 83.8 100 108 111 109 119 155 126
Sr 332 409 315 456 543 430 244 483 282 225 143 293 279 375 434 384
Zr 245 363 236 173 169 226 246 265 236 243 246 244 243 234 164 173
Nb 11.8 13.1 12.6 12.4 121 121 11.7 11.8 10.1 13.2 12.9 123 121 121 14.7 12.5
Cs 4.19 3.51 6.21 8.14 18.8 9.08 15.8 2.90 5.05 4.8 10.3 18.1 6.18 1.61 10.5 10.1
Ba 613 570 697 562 522 620 572 533 1030 594 829 774 762 596 812 2030
Hf 6.52 7.67 6.14 4.84 5.51 5.60 7.09 6.57 5.72 7.03 6.22 6.43 5.94 5.89 4.42 4.51
w <1.19 4.50 4.19 4.18 239 1.36 2.14 <1.19 247 <1.19 2.36 <1.19 2.24 2.68 1.66 <1.19
Pb 18.6 10.7 24.0 9.80 21.2 249 222 16.9 19.9 17.4 21.8 23.0 233 214 124 8.65
Th 14.6 17.6 16.1 18.0 171 174 16.5 15.7 121 12.6 12.7 17.6 15.8 141 15.3 14.8
§) 3.65 2.70 333 3.74 4.52 2.93 3.31 3.42 1.87 2.65 2.98 3.27 2.94 3.08 4.18 4.35

Amounts of oxides are in wt.%, whereas the elements listed below Sc are in mg/kg.
LOI denotes loss on ignition.
Note that soil a-c are surface soil samples collected around the mud volcanoes located at sites 1-4; soil d-g were collected around sites 6 and 7; and soil h was collected
around sites 8 and 9.

@ Total iron as Fe,03.
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the mud flow were also collected for comparison (three, four and
one samples from sites 1-4, 6-7, and 8-9, respectively). Muddy
water was collected directly from the crater of mud volcanoes.
One fraction of the water was filtered on site using 0.45 tm mem-
brane filters (hydrophilic PTFE, ADVANTEC®), as used by Hensen
et al. (2007). This filter allows a good separation of clay from water.
Microbial activities were minor enough not to affect the composi-
tion of water, because the composition did not change over the
analytical error on repeated measurements for several time spans.
After filtration, the water was further divided into two parts: one
part was acidified to 2 wt.% HNOj3 for the analyses of REE, and
the remaining fraction without acid was used for the analyses of
major ions. About 10 mL of acid-free water sample was placed into
bottles with no head space remaining, for isotope analysis. Another
fraction of water was not filtered but was brought back to the lab-
oratory for centrifugation into mud and water. Gases discharged
from the muddy water in the crater were collected by an inverted
funnel connected to a syringe and a silicon tube equipped with a
stop-cock. After collecting the gases, the stop-cock was closed.
Subsequently, the gases in the syringe were transferred to a glass
bottle already evacuated using a tip-pierced needle.

4.2. Analytical methods

Temperature, pH, Eh, conductivity, and dissolved O, in muddy
water were directly measured on site using handylab multi 12
(SCHOTT, Germany), a portable in situ measuring instrument.
The accuracies were 0.5% for conductivity and dissolved O,
whereas those for temperature, pH, and Eh were +0.1 °C, +£0.01
pH unit, and +1 mV, respectively. Alkalinity of the acid-free water
sample was also determined on site by titration with 0.100 M
and 0.0100 M HCI solutions with 1% precision. In the laboratory,
muddy water samples were centrifuged for 20 min at 2000 rpm
to be separated into mud and water. Mineralogy of the mud sam-
ples was determined by a Rigaku MultiFlex X-ray diffractometer
(XRD). XRD analyses were also conducted for clay fractions sepa-
rated by elutriation to identify clay minerals better. Major and
trace element compositions of mud and surface soils were deter-
mined using a Rigaku ZSX-101e X-ray fluorescence spectrometer
(XRF). Analytical conditions were 50 kV accelerating voltage and
50 mA beam current with Rh Ky, Ly, and Lg;, and WK, and Ly
sources. REE concentrations of mud and surface soils were deter-
mined using inductively coupled plasma mass spectrometry (ICP-
MS) (Agilent 7500) after the digestion of the samples in a mixture
of HF, HCIO,4 and HCI (Takahashi et al., 2002). Accuracy and preci-
sion of the XRF analyses were better than 5%, whereas those of the
REE obtained using ICP-MS were better than 3%, as estimated from
the reported values of a reference rock JSI-1 (slate; Imai et al,,
1995) and the repeated measurements of samples.

Major cations (i.e., Na*, Ca®* and Mg?*) in the water samples
were measured using cation chromatography (JASCO), whereas
K" was measured using atomic absorption spectrometry (AA-646,
Shimadzu). Major anions (i.e, F~,Cl",Br ,NO; and SOf{) were
measured using anion chromatography (Shimadzu). Analytical
accuracy and precision of the major cations and anions were better
than 5%. The 3D values of water were measured using a Thermo-
Fisher Scientific DELTA plus XL (SI Science Co.) with an analytical
error of +1.0%.. The '3C and §'80 of carbonate in the mud samples,
and the 8'80 of water and '3C of dissolved carbonate in the water
samples were measured using the Finnigan MAT Delta Plus mass
spectrometer interfaced with a Gas Bench II (Hori et al., 2009).
Analytical uncertainties for 8'3C and 8'80 of carbonate in the
mud samples were +0.15% and +0.19%., respectively, whereas
those in the water samples were +0.04%. and +0.18%o, respectively.
REE concentrations in water were determined using ICP-MS (Agil-
lent 7500) after preconcentration using a column loaded with cat-

ion exchange resin (AG50W-X8; Takahashi et al., 2002) because
their concentrations were lower than the ng/L level in water.

Concentrations and 8'3C of CH,4, C,Hg, and CO, in gas samples
were measured at Hokkaido University using a continuous-flow
gas chromatograph (Agilent 6890) connected to an isotope-ratio
mass spectrometer (Thermo Finnigan MAT 252) system (GC/IRMS).
Analytical accuracy for the measurements of CH4 and CO, was bet-
ter than 1%, whereas that of C;Hg was better than 5%. Analytical pre-
cision for CH4, CO,, and C,Hg was better than 5%. Analytical error for
513C in CH,4 and CO-, was #0.3%o, whereas that of C,Hg was +0.7%o.
Details of the method for isotopic composition have been given in
Tsunogai et al. (2002). The N, and O, concentrations of gas samples
were also measured with 1% accuracy and 5% precision for both.

The 8D values of CH4 and C;Hg were measured at G.G. Hatch Iso-
tope Laboratories, University of Ottawa. Calibration and normaliza-
tion were conducted by the online combustion of two international
standards (i.e., NGS1-8559 and NGS2-8560) and one internal stan-
dard. Methane and C,Hg were isolated by GC using a PoraBOND Q
column (27.5m long, 10 um film thickness, 2 ml min~' flow at
—15°C) on an HP 6890 gas chromatograph interfaced to a XP
Finnigan-Mat IRMS. Precision of 8D analysis was +2%.. Concentra-
tions of Hy, C3 and C4 of the gas samples were determined using
a Shimadzu GC-14B (Sumika Chemical Analysis Service Co.) with
an analytical error of 2%. The detection limits of H,, C5 and C4 were
30, 0.3, and 0.3 ppmv, respectively. Hereafter, all stable isotope
compositions are expressed in the conventional delta (8) notation,
defined %0 deviation from the reference standard VSMOW for H
and O, and VPDB for C.
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Fig. 2. Major element abundances of mud and surface soils collected around the
mud volcanoes normalized to the moraine collected from the northern Tianshan
Mountains (Chang et al., 2000). (a) Sites 1-4; (b) sites 6-9. Note that soils a-c are
the surface soil samples collected around the mud volcanoes located at sites 1-4;
soil d—g were collected at around sites 6 and 7; and soil h was collected around sites
8 and 9.
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Table 4
REE abundances (mg/kg) of mud and rocks determined using ICP-MS and §'>C and §'®0 of carbonate in the mud samples.

Soil Soil Soil Mud Mud Mud Mud Soil Soil Soil Soil Mud Mud Soil Mud Mud

a b c Site 1 Site 2 Site 3 Site 4 d e f g Site 6 Site 7 h Site 8 Site 9
Y 23.6 23.0 31.0 21.6 19.0 25.1 24.7 214 26.2 24.6 28.7 29.2 30.1 21.2 23.6 194
La 30.5 33.7 329 241 22.6 34.1 23.2 26.4 24.0 25.2 29.5 31.0 313 26.7 274 214
Ce 75.7 733 76.9 60.5 53.1 79.1 54.5 55.1 50.9 64.0 75.4 82.5 78.2 57.8 54.7 433
Pr 8.00 7.76 7.79 6.04 5.80 8.25 5.76 5.78 5.82 6.68 7.91 8.50 8.07 6.11 6.48 5.15
Nd 34.1 323 33.7 25.5 244 35.5 244 241 24.9 28.9 34.3 37.2 35.2 25.9 243 19.5
Sm 7.03 6.70 7.22 5.48 5.07 7.45 5.08 5.05 5.26 6.07 7.41 7.98 7.52 5.48 4.98 4.03
Eu 1.36 1.25 1.42 1.11 1.00 1.46 1.00 0.969 1.16 1.34 1.62 1.66 1.55 1.10 0.924 0.583
Gd 6.55 6.50 7.23 535 491 6.99 4.84 4.96 5.47 5.87 717 7.67 7.40 533 4.40 3.60
Tb 1.03 1.02 1.14 0.857 0.769 1.11 0.778 0.791 0.900 0.944 1.15 1.22 1.16 0.847 0.773 0.646
Dy 5.93 5.73 6.58 5.03 435 6.37 4.55 4.57 5.53 5.56 6.84 7.10 6.76 4.98 4.53 3.63
Ho 1.18 1.16 1.34 1.01 0.869 1.29 0.910 0.927 1.12 1.13 1.40 1.45 1.36 1.00 0913 0.764
Er 3.50 3.42 3.99 3.00 2.60 3.84 2.73 2.74 3.32 3.39 4.22 4.35 4.10 3.02 2.75 2.21
Tm 0.508 0.487 0.570 0.429 0373 0.544 0.392 0.389 0.481 0.483 0.606 0.628 0.576 0.421 0.394 0.331
Yb 3.34 3.26 3.76 291 2.51 3.71 2.62 2.61 3.16 3.24 4.09 4.20 3.93 2.87 2.63 2.11
Lu 0.503 0.478 0.563 0.437 0.378 0.545 0.396 0.386 0475 0.495 0.618 0.634 0.604 0.429 0.404 0.326
Ce/Ce* 1.11 1.03 1.10 1.15 1.06 1.07 1.08 1.02 0.98 1.12 1.13 1.16 1.12 1.03 0.94 0.94
Eu/Eu* 0.94 0.89 0.92 0.96 0.94 0.95 0.95 0.91 1.02 1.06 1.05 1.00 0.98 0.96 0.93 0.72
>REE 203 200 216 163 148 215 156 156 159 178 211 225 218 163 159 127
513C N. A. N. A. N. A +1.1 -3.8 +6.1 -1.1 N. A. N. A. N. A N. A +15.7 +15.6 N. A. -0.6 +0.9
5'%0 N. A. N. A. N. A. +25.0 +26.2 +20.1 +23.0 N. A. N. A. N. A. N. A. +19.9 +20.6 N. A. +24.7 +25.5

Ce/Ce* = Cen/v/Lay x Pry, Eu/Eu* = Euy//Smy x Gdy where N denotes the UCC normalized values.
Note that soil a-c are surface soil samples collected around the mud volcanoes located at sites 1-4; soil d-g were collected around sites 6 and 7; and soil h was collected
around sites 8 and 9. Note also that §'C values are in % VPDB, whereas §'%0 values are in % VSMOW. N. A. means non analyzed isotope ratios.

5. Results
5.1. Mud and surface soils
Results of the XRD analysis show that all the mud samples con-

tain albite, calcite, chlorite, illite, mica, quartz and smectite (Table
2). Anorthite and kaolinite are found in some samples. All samples
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Fig. 3. REE patterns of mud and surface soils collected around the mud volcanoes
normalized to (a) UCC (Taylor and McLennan, 1985) and (b) moraine (Chang et al.,
2000). Note that soil a-c are the surface soil samples collected around the mud
volcanoes located at sites 1-4; soil d—g were collected at around sites 6 and 7; and
soil h was collected around sites 8 and 9.

contain high SiO,, 58-65 wt.% and Al,03, 13-23 wt.% (Table 3).
Mud samples collected from sites 6 and 7 contain high Fe,05 (total)
and MnO. Concentrations of the major elements in mud and sur-
face soil are normalized to the reported values of moraine samples
from the northern Tianshan Mountains (Chang et al., 2000) (Fig. 2).
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Fig. 4. Composition of mud and soils normalized against the UCC (Taylor and
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9. Note that soil a-c are the surface soil samples collected around the mud
volcanoes located at sites 1-4; soil d—-g were collected at around sites 6 and 7; and
soil h was collected around sites 8 and 9.
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Table 5
Chemical characteristics of water samples.
Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9

pH 8.78 8.40 8.65 9.16 8.43 7.35 7.80 7.75 8.08
Eh (mV) -119 -86 -100 -127 -8.8 -28 —54 -50 -69
Temperature (°C) 9.4 9.4 104 8.7 11.6 15.2 22.0 11.8 12.2
Conductivity (mS/cm) 11.6 11.6 12.7 11.3 0.506 6.03 7.8 18.5 5.56
Salinity (%o) 6.7 6.4 7.2 6.3 0.0 32 3.0 10.7 2.9
Dissolved O, (ppm) 0.60 0.86 0.39 0.38 0.72 0.82 0.75 0.55 0.46
F~ (mM) 0.02 0.02 0.02 0.01 0.02 0.03 0.02 0.02 0.02
Cl™ (mM) 109 105 101 923 0.84 323 335 180 724
Br~ (mM) 0.26 0.26 0.25 0.26 0.01 0.09 0.09 0.47 035
NO3 (mM) 0.32 1.06 0.35 0.61 0.10 0.29 0.50 0.25 1.13
S0%~ (mM)? 0.49 1.32 2.00 3.56 2.46 3.69 1.06 9.98 3.55
Alk (mM) 71.0 71.0 60.0 56.7 2.00 53.0 53.0 10.0 10.0
Na* (mM) 145 154 145 143 1.26 75.6 80.4 193 73.1
K" (mM) 0.15 0.23 0.24 0.25 0.09 0.51 0.66 0.41 0.22
Ca?" (mM) 0.26 0.48 0.36 0.09 3.04 0.29 0.32 6.75 0.93
Mg?* (mM) 0.69 3.70 0.87 033 0.85 4.09 5.95 10.9 4.09
3D (%0 VSMOW) -67.1 -78.8 —83.1 -82.1 -71.2 -77.5 -99.2 -57.1 -57.3
3'%0 (%o VSMOW) -1.5 25 -3.0 -3.0 -10.6 -1.0 4.6 -32 -5.7
5'3C (%0 VPDB) +12.4 +16.9 +3.2 -3.7 -233 +35.6 +33.3 +27.6 +2.3

2 Total sulfur as SO4. Note that the D and 5'80 values represent the isotope ratio of water, and 5'>C represents the isotope ratio of dissolved carbonate in water. (Site 5:

river water. Other sites: water from mud volcanoes.)

Major element concentrations, except for Ca, show similar values
to those of moraine samples (Fig. 2).

REE concentrations in mud and surface soil samples are re-
ported in Table 4. They are normalized to an average upper conti-
nental crust (UCC) (Taylor and McLennan, 1985) as shown in
Fig. 3a. All samples are depleted in light-REE (LREE) with variation
at Ce and Eu (i.e., Ce and Eu anomalies, respectively), whereas they
are all almost flat in heavy-REE (HREE). REE normalized to the
average values of moraines from the northern Tianshan Mountains
(Chang et al., 2000) are almost flat with positive Eu anomalies, ex-
cept for a mud sample at site 9 (Fig. 3b).

Major and trace element concentrations (Table 3) are normal-
ized to the average UCC and are plotted in Fig. 4. Elements are ar-
ranged from left to right in the order of increasing abundance in
the average Mesozoic-Cenozoic greywacke (Condie, 1993) relative
to UCC (Fig. 4). Although the abundance of elements on the left side
varies widely, elements on the right side, especially after Si, show
gradual enrichment.

5.2. Water

Table 5 lists the pH, Eh, temperature, conductivity, salinity, dis-
solved O,, alkalinity, concentration of major components (i.e.,
F~,Cl",Br,NO;,S02",K",Na*,Ca?*" and Mg?*), 3D and 8'®0 iso-
tope compositions for water and §'3C for dissolved carbonate.
The concentrations of almost all ions in the water from mud volca-
noes are higher than those of river water.

The 8D values of all water samples collected from mud volca-
noes are between —57.1% and —99.2%, and the §'%0 values for
muddy water range from —1.0%0 to —5.7%.. On the other hand,
the 5'80 value of river water (—10.6%o) at site 5 is much smaller
than that of muddy water, though the 8D value of river water at
the site (—71.2%0) is within the range of those collected from
mud volcanoes. In the 8D and §'80 diagram (Fig. 5), the water at
site 5 lies on the meteoric water line and is plotted in the field of
North Xinjiang meteoric waters (Wei and Gasse, 1999). In compar-
ison, muddy waters show an '®0 shift from meteoric waters. More-
over, data on muddy waters from sites 1 to 4 form a parallel
regression line with the meteoric water line. Samples collected
from sites 6 and 7 lie slightly to the right of the regression line
for sites 1-4, whereas sites 8 and 9 lie on the left side. The 5'3C val-
ues of dissolved carbonate are within the range +35.6%o0 to —23.3%o.

Although REE abundances in the water samples are variable,
most samples are rich in HREE with positive Ce and Eu anomalies
(Table 6 and Fig. 6). However, the river water sample at site 5
shows a HREE-depleted pattern with a negative Ce anomaly
(Fig. 6).

Dia et al. (1999) suggested that alkalinity records the reactions
with carbonates and silicates, whereas Cl™ is sensitive to diagenetic
processes and seawater interaction. In addition, Na and K can char-
acterize the contribution from dissolution of host rock and/or
leaching from clay minerals. In Na/Cl versus Alk/Cl (Fig. 7a) and
K/Cl versus Alk/Cl (Fig. 7b) diagrams, water samples collected from
the mud volcanoes plot in three separated areas: (i) sites 1-4, (ii)
sites 6 and 7, and (iii) sites 8 and 9.

5.3. Gas

Similar to other mud volcanoes in the world (e.g., Dimitrov,
2002, 2003; Etiope and Milkov, 2004; Etiope et al., 2009a), CH, is
the main component of gases emitted from the Xinjiang mud vol-
canoes (Table 7). In Table 7, all compositional data were corrected
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Fig. 5. Comparison of 8D and §'®0 values in muddy water, river water (site 5), and
seawater. Solid line: the meteoric water line; dashed line: line passing through sites
1-4 and parallel to the meteoric water line; and dashed ellipse: field for meteoric
water in northern Xinjiang (Wei and Gasse, 1999).
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Table 6
REE concentrations (ng/L) in the water samples.

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 8
Y 57.9 90.7 18.2 55.4 14.2 44.5 6.43
La 36.5 126 5.77 8.32 9.94 5.61 1.93
Ce 142 299 12.0 27.2 21.1 141 4.38
Pr 103 27.2 1.15 2.44 2.77 1.53 0.379
Nd 41.2 110 5.08 10.5 11.4 6.17 1.50
Sm 9.87 25.3 1.80 3.18 2.26 1.47 0.254
Eu 8.51 17.9 4.06 6.75 0.796 1.52 0.554
Gd 9.69 23.2 2.78 4.05 2.65 2.26 0.369
Tb 1.61 3.73 0.308 0.814 0.347 0.511 0.095
Dy 9.38 18.6 2.22 6.36 1.83 4.03 0.693
Ho 2.02 3.54 0.545 1.71 0.357 1.10 0.195
Er 6.65 10.2 1.86 6.49 1.01 3.74 0.602
Tm 1.09 1.35 0.306 1.22 0.122 0.630 0.109
Yb 8.61 9.31 235 9.97 0.662 4.39 0.662
Lu 1.36 135 0.394 1.67 0.093 0.790 0.128
Ce/Ce* 1.67 1.16 1.06 1.38 0.92 1.09 1.17
Eu/Eu* 4.09 3.46 223 8.83 1.53 3.91 8.51
>REE 347 767 65.4 146 69.6 923 18.3

1071

The 5'3C values of CH, and C,Hg at each site are similar at
around —40%. and —30%., respectively, whereas those of CO, are
variable. Hydrogen gas was detected in the samples collected from
sites 2, 4, 6 and 7. Although the H, concentration in the sample col-
lected at site 4 was less than 100 ppm, further quantitative analysis
was difficult because of its small peak. The intensities of the H,

Ce/Ce* = Cen/vLan x Pry, Eu/Eu*=Euy/y/Smy x Gdy where N denotes the UCC
normalized values. (Site 5: river water. Other sites: water from mud volcanoes.)
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Fig. 6. UCC-normalized REE pattern of water samples. (Site 5: river water; Other
sites: water from mud volcanoes).

for air contamination. Raw analyses showed that the contamina-
tion with O, was 11.9%, 3.2%, 3.5%, 3.6%, 3.7%, and 9.3% for sites
2,4, 6,7, 8 and 9, respectively. Given that the concentrations of
CH, and C,Hg collected from mud volcanoes are more than 10*
times higher than those of atmospheric values, the correction
was not conducted for the 3'3C of both CH4 and C;Hg. On the other
hand, the concentration of atmospheric CO, is about 385 ppmv
(Keeling et al., 2009). This means that the §'3Cco, value of gases
from mud volcanoes can be greatly affected by air contamination
because of the small difference in the concentrations between
atmospheric CO, and CO, from mud volcanoes. Therefore, a re-
calculation was conducted for CO, concentration and §3Ccos
values by supposing that the atmospheric §'3Ccq, values are about
—8.5%0 (Keeling et al., 2005). Corrections for the concentration and
isotope ratio of CO, were carried out using the following equation,
by assuming that the original O, concentration is zero:

CO2cor. = (100 x CO2_meas.) — (02 x €Oz air) /(100 — O) (1)
where COy_cor, CO2_meas, and CO,._,i represent corrected CO,, mea-
sured CO,, and reported atmospheric CO, values, respectively, for
both concentration and isotope ratio of C, while O, denotes mea-
sured raw concentration of O,.
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Fig. 7. Comparison of the composition of water in muddy water, river water and
seawater. (a) Na/Cl versus Alk/Cl; (b) K/CI versus Alk/Cl. (Site 5: river water; Other
sites: water from mud volcanoes.)

Table 7
Concentrations and stable isotope compositions of gas.
Site 1 Site 2 Site 4 Site 6 Site 7 Site 8 Site 9

Gas composition (vol.%)
N, N. D. 0.5 5.6 5.8 6.2 0.8 15.7
CH4 91.6 89.0 89.6 81.5 80.4 92.6 75.8
C,Hg 8.3 10.1 8.5 54 6.2 6.2 7.7
CsHg 0.002 0.004 0.1 0.002 0.02 0.6 1.0
Gas composition (ppmv)
i-C4 <1 <1 9.8 <1 0.9 400 1390
n-Cy 24 4.5 120 1.6 3.5 1430 2540
CO, 1950 4970 973 1360 1740 4450 3060
513C (%0 VPDB)
CH4 -45.9 —43.7 —42.4 —40.7 -39.7 —40.7 -38.6
CyHg -28.1 -26.9 -28.1 -30.8 -28.4 -279 -27.2
CO, -8.0 +16.2 -11.5 +21.1 +24.6 +29.8 -4.8
3D (%0 VSMOW)
CH, -229 —244 -227 -252 -264 -229 —242
CoHg -143 -180 -223 —183 -203 -194 -181

The effect of air contamination is corrected.
N. D. means not detected.



1072 R. Nakada et al. /Applied Geochemistry 26 (2011) 1065-1076

peaks at sites 2, 6 and 7 are much smaller than that in the gas sam-
ple collected at site 4.

The “Bernard ratio” C;/(C, + C3) versus 8'C; and C, diagrams
show that all the samples plot in the thermogenic field (Fig. 8).
The values of 3'3C and 8D for CH, also fall into the field of thermo-
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Fig. 8. Relationship between C;/(C, + C3) and 8'3C values of (a) methane and (b)
ethane in gas samples.
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Fig. 9. Relationship between 8D and 5'3C of methane based on the discrimination
diagram by Schoell (1983), for the classification of thermogenic and microbial
natural gas. To, Tc, and Tp denote thermogenic with oil, thermogenic with
condensate, and dry thermogenic, respectively.

genic origin, especially thermogenic gas related to the petroleum
field, following the Schoell plot (Schoell, 1983) (Fig. 9).

6. Discussion
6.1. Origin of mud

The mud samples show major element compositions similar to
moraines in the Tianshan Mountains (Fig. 2); thus, mud and mor-
aine likely have a similar source. The moraine forms as a mechan-
ical mixture of basement rocks during glaciations (Chang et al.,
2000). The wide variations of CaO are most likely explained by
the different contents of calcite, semiquantitatively detected by
XRD patterns (Table 2). Major element concentrations of mud sam-
ples collected from the “twin” mud volcanoes (i.e., sites 6 and 7)
are similar, which confirms that they originated from the same
source and ascended through separate vents or conduits. Mud
samples collected from sites 6 and 7 also contain greater abun-
dances of Fe,03 (total), MnO and P,05 than those from other sites.
The difference between the abundances of sites 6-7 and those from
other samples is not only due to their source rocks, but also to
extensive water-rock interaction, which will be discussed in Sec-
tion 6.2.

Mud and soils show similar normalized REE patterns (Fig. 3),
indicating that the mud originated from similar sedimentary rocks
in this area, except for the sample at site 9. REE patterns normal-
ized to the moraines collected from northern Tianshan Mountains
(Chang et al., 2000) show flat patterns, except for Ce and Eu anom-
alies (Fig. 3b). The Eu anomalies may be a result of the different
abundances of plagioclase between moraines and the samples. In
Fig. 3b, a negative Eu anomaly is observed only for mud at site 9.
This result suggests that the source layer of site 9 may be different
from that of other sites or mixed with different rocks, which are
less abundance in plagioclase along the ascent paths.

Fig. 4 shows that the elements arranged on the right side are en-
riched, where the order of the plots is similar to that in the Meso-
zoic and Cenozoic sandstones (Cutten et al., 2006). A similar plot
using North American Shale Composite (NASC; Gromet et al.,
1984), shows a pattern of enrichment on the right side, suggesting
that typical sedimentary rocks can show such a pattern. Further-
more, it has been reported that some igneous rocks have a pattern
of enrichment toward the right side (e.g., Kawano et al., 2006).
However, the absence of igneous rocks and the wide occurrence
of Mesozoic and Cenozoic sedimentary rocks in this area (Avouac
et al., 1993; Nansheng et al., 2008), combined with the definition
that mud comes from shale (Kopf, 2002), suggest that the source
of mud in Xinjiang mud volcanoes is Mesozoic or Cenozoic shale.
The folded shale layer can be converted into mud due to extensive
water-rock interaction (Section 6.2). Although the patterns of mud
in Fig. 4a and b are nearly identical, mud collected from site 9
shows a clear difference from those of other sites in the abundance
of Ba. This result also supports the fact that the mud at site 9 orig-
inated from a different layer from that of other sites or from a mix-
ture of layers.

6.2. Origin of the water and water-rock interaction

All the water samples from the mud volcanoes are rich in Na*
and ClI- when compared to other ions; this is commonly observed
in water from mud volcanoes (e.g., Dia et al., 1999; Hensen et al.,
2007; Lavrushin et al., 1996; You et al., 2004). However, a more de-
tailed comparison of the composition of water suggests that the
concentrations of these ions are lower than those from other
mud volcanoes, whereas some cations, such as Ca%* and Mg?*, have
similar concentrations to those of other sites. This kind of saline
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water is observed from a petroleum field (Kharaka and Hanor,
2003), which is also the case in the present samples. In addition,
the presence of evaporites in the area may contribute to the in-
creased salinity. Similar concentrations of other cations, except
for Na*, can be obtained from the extensive water-rock interac-
tions in the system of the Xinjiang mud volcanoes. At several sites,
the concentrations of Ca%* and Mg?* in water samples collected
from mud volcanoes are lower than those from the river, which
suggest that the concentration of these cations may be decreased
due to precipitation through the cooling process during or after as-
cent. The calculation using PHREEQC (Parkhurst, 1995) with the
WATEQ4F database (Ball and Nordstrom, 1991) shows that all
water samples are saturated with calcite and dolomite, except for
the sample collected at site 6. The water sample collected at site
6 is supersaturated with dolomite and is slightly undersaturated
with calcite.

The 3D values of water from the mud volcanoes are almost
identical to those of the reported local meteoric water (Wei and
Gasse, 1999); hence, water from the mud volcanoes originates
from meteoric water (Fig. 5). However, it should be noted that
the water is not limited to “present day” meteoric water, but also
includes “fossil” meteoric water. It is suggested that the origin of
the saline water associated with oil and gas is “fossil” meteoric
water that experienced isotope exchange reactions during migra-
tion through the sedimentary strata and water-rock interaction
(Clayton et al., 1966). Moreover, the §'30 shift from the meteoritic
line in Fig. 5 is larger at sites 6 and 7 and smaller at sites 8 and 9
relative to those of sites 1-4. This fact suggests that the degree
of water-rock interaction is greater at sites 6 and 7 and lower at
sites 8 and 9 compared with those at sites 1-4. Oxygen isotope
fractionation between water and calcite is used to calculate the
equilibrium temperature following the equation of O’Neil et al.
(1969):

10*Ino = 2.78(10°%/T?) — 8" Oyater + 3.39 2)

where 10%In o is 8'®0caicite—8'Owater T is the temperature in Kelvin,
and & is in VSMOW value. The mean calculated temperature of sites
1-4,6 and 7, and 8 and 9 is 95, 127 and 81 °C, respectively, which is
consistent with the degree of 5'%0 shift.

REE patterns of the water also suggest that the water samples
were subjected to water-rock interaction (Fig. 6). A positive Ce
anomalies in water can occur through the formation of soluble
Ce(IV)-carbonate species in alkaline water with high carbonate
content (Méller and Bau, 1993). Stability fields of the Ce species
on an Eh-pH diagram (Brookins, 1988) show that Ce(IV) is the pre-
dominant species in all the water samples. Positive Eu anomalies
shown in the REE patterns are likely produced by the dissolution
of anorthite (Byrne and Sholkovitz, 1996) or, at least, plagioclase,
which contains Ca?*. This mechanism may be the reason why anor-
thite is only detected in the mud samples collected from sites 1 and
7 using XRD analysis (Table 2). The detection of anorthite in the
mud samples seems to contradict the positive Eu anomaly ob-
served in the water samples. However, even a partial dissolution
of anorthite can produce a positive Eu anomaly in the aqueous
phase, due to the considerably higher concentration of Eu in
plagioclase than Sm and Gd, the neighboring elements of Eu (e.g.,
Schnetzler and Philpotts, 1970; Pride and Muecke, 1981). More-
over, the incorporation of other strata close to the surface during
the ascent of mud cannot be ruled out with regard to the detection
of anorthite at sites 1 and 7. Although the positive Eu anomaly is
suggested to be found specifically in hydrothermal water (Byrne
and Sholkovitz, 1996), the actual temperature range needed to
cause a positive Eu anomaly in water samples during water-rock
interaction is unclear at present. However, Minami et al. (1995)
showed that a small positive Eu anomaly (Eu/Eu* = 1.1) could only

be found in water in contact with basalt at 70 °C, not in the sam-
ples at 20 °C (Minami et al., 1995). This result implies that a rela-
tively high temperature (over 70°C) is required to induce a
positive Eu anomaly in water during water-rock interaction.

Another evidence of water-rock interaction is supported by the
compositional ratios of major ions. Alk/Cl and Na/Cl ratios of water
collected from sites 6 and 7 are higher than those from sites 1-4, 8
and 9 (Fig. 7a). Potassium/Cl ratios of water collected from sites 6
and 7 are also higher than those from other sites (Fig. 7b). These
results indicate that the degree of reaction between water and
minerals (i.e., carbonates and silicates) at sites 6 and 7 are greater
than those at other sites (Dia et al., 1999). The CaO and SiO, con-
centrations of the mud collected from sites 6 and 7 are actually
lower than those from other sites (Table 3). This finding is sup-
ported further by the Ti-normalized major element ratios of the
mud samples (Fig. A2, Supplementary material). Titanium concen-
trations would not vary to a large degree before and after water-
rock interaction because Ti is an immobile element (Pearce and
Cann, 1973; Hill et al., 2000). The Ti-normalized ratios clearly indi-
cate depletion of Si and Ca in the mud samples collected from sites
6 and 7. Moreover, Ti-normalized abundances of Fe and Mn are lar-
ger than those of sites where there is a difference in the degree of
water-rock interaction (Fig. A2). The evidence suggests that exten-
sive reactions between mud and water at sites 6 and 7 are consis-
tent with the result of 80 shift for water and with the calculated
temperature using 5'0 of calcite and water (Fig. 5). Although there
are slight differences, variations in the composition of water reflect
the degree of interaction with mud and vice versa.

Interestingly, Alk/Cl, Na/Cl, and K/Cl ratios of water collected
from sites 8 and 9 are nearly identical irrespective of the large dif-
ference in concentrations among these elements between the two
sites (Table 5), probably due to dilution by meteoric water at sur-
face. Although the 8D values of water collected from sites 8 and 9
are almost identical, 580 of water at site 8 is greater than that at
site 9 (Table 5), which also supports the idea that the water at site
9 is diluted by meteoric water to a large degree. The finding of dilu-
tion by meteoric water at site 9 may cause a problem, since the
temperature of water-rock interaction is calculated using O isoto-
pic fractionation as described above (Eq. (2)). However, the calcu-
lated temperature at site 8 is 83 °C, which is lower than those of
sites 1-4 and, 6 and 7. This fact suggests that the degree of 20 shift
is consistent with other evidence, namely, compositional ratio
(Fig. 7) and the Ti-normalized ratios (Fig. A2). Therefore, the most
extensive water-rock interaction occurred at sites 6 and 7, while
weakest interaction occurred at sites 8 and 9.

6.3. Origin of gas

Thermogenic hydrocarbons are the main component of gases
released from the Xinjiang mud volcanoes (Table 7 and Figs. 8
and 9). However, considering only thermogenic gas would be diffi-
cult to explain the large variations in §'3C values of CO,. The
513Cco, values and inverse of CO, concentrations in the gas phases
are shown in Fig. 10, where some §'3C values of the gas collected
from Xinjiang mud volcanoes are markedly shifted to greater val-
ues compared to those of thermogenic origin (Jenden et al.,
1993). This heavier shift is considered to be caused by a secondary
microbial effect. A two end-member mixing model seems to be
inappropriate to explain the scattered data shown in Fig. 10, sug-
gesting that the gases experienced complicated and heterogeneous
processes. The possible processes that can explain the large varia-
tions in 8'3C values are as follows.

First, thermogenic kerogen decarboxylation should be consid-
ered because the hydrocarbons are of thermogenic origin (Figs. 8
and 9). The kerogen decarboxylation reaction during source
maturation shows a trend of increasing §'>Ccq, with increasing



1074 R. Nakada et al. / Applied Geochemistry 26 (2011) 1065-1076

50 T T
B Site 1
40 O Site 2 |
O Site 4
—_ @ Site 6
2 0 4 & Site7|]
= < A Site 8
> 20+ * A Site 9|
2 O
~ 10| i
=)
&}
S of i
mU A
o -10 | u o i
-20 | Range of kerogen decarboxylation q
-30 L L
0 0.5 1 1.5

1/CO, X 1000 [1/vol. %o]

Fig. 10. Relationship between 5'3C values of CO, and inverse of CO, concentrations
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natural thermogenic CO, (Jenden et al., 1993; Kotarba, 2001; Hosgormez et al.,
2008).

CO, concentration (Jenden et al., 1993; Pallasser, 2000). The
813Ccoy values of two samples collected from sites 1 and 4 are in
the area of the natural thermogenic §'3Ccq, value, which ranges
from -25%0 to —5%. (Jenden et al., 1993; Kotarba, 2001;
Hosgormez et al., 2008). The §'3Cco, value of a sample collected
from site 9 also lies on the upper limit of the natural thermogenic
313C value.

Second, anaerobic biodegradation of crude oil can be considered
to explain the large 5'3Ccq, values. Oil biodegradation is suggested
by high C,/C; and i-C4/n-C4 ratios (Pallasser, 2000; Waseda and
Iwano, 2008). High C,/C5 and i-C4/n-C,4 ratios are identified in the
samples, thus supporting oil biodegradation. An isotopic effect of
the oil biodegradation results in the increase in 5'3C of residual
CO,, which can easily exceed +10%0 (Pallasser, 2000; Waseda and
Iwano, 2008). This phenomenon also shows a trend of increasing
513Cco2 with increasing CO, concentration. The difference between
kerogen decarboxylation and oil biodegradation is that the latter
shows a steeper slope in Fig. 10 and causes a larger shift of
813Ccoy values.

Oil biodegradation can be followed by CO, reduction:

The reaction is also associated with a large kinetic isotope effect.
The more the reaction proceeds with decreasing CO, concentration,
the more '3C is enriched in residual CO,. The reaction is supported
by the presence of H, gas. The largest concentration of H, of all the
sites is found at site 4, where an almost pure thermogenic origin is
suggested for CH, due to its low 8'3Ccq, value, implying that reac-
tion (3) is ongoing. Smaller H, peaks are found in the chromato-
grams at sites 2, 6 and 7. This finding shows that the microbes
use H, gas for the reaction, resulting in the enrichment of §'3Cco,
value for these samples.

Regarding the variation in 8'3Cco, values, although sites 1-4 are
close to one another with similar compositions of mud and water,
the gas sample at site 2 has a higher §'3C value compared with
those at other sites (sites 1 and 4), as shown in Fig. 10. This sug-
gests that 5'3Ccq, reflects the degree of microbial activity in the
vents at shallow levels closer to the surface. The data are consistent
with the variable C isotope compositions of CO, in other mud vol-
canoes. Etiope et al. (2009b) reported highly variable 5'3C¢q, in dif-
ferent vents in individual mud volcanoes and pointed out that CO,
reduction associated with oil biodegradation seems to occur at a

depth shallower than the main gas reservoir, probably along the
seepage system.

While the §'3Ccoy values suggest secondary methanogenic
activity, the hydrocarbons emitted from the mud volcanoes plot
in the field of thermogenic origin in the “Bernard diagram”
(Fig. 8) and “Schoell plot” (Fig. 9; Schoell, 1983). Note that the con-
centrations of CH4 are much higher than those of CO, in gases re-
leased from the mud volcanoes, and the addition of CH, from
microbial action seems to be negligible. Furthermore, Milkov
(2010) has reported that secondary microbial CH, is likely to show
a 8'3C; value similar to that of thermogenic gas. Therefore, a dra-
matic change in 5'3C values is observed for CO, due to oil biodeg-
radation and CO, reduction, whereas these reactions do not cause a
significant 8'C change for hydrocarbons.

6.4. Depths of the water-rock interaction and gas reservoir in the
Xinjiang mud volcanoes

Results for 8D and §'80 values of water indicate that the water
is subjected to extensive water-rock interaction (Fig. 5). In addi-
tion, the positive Eu anomalies shown in the REE patterns of the
water samples from mud volcanoes (Fig. 6) imply anorthite disso-
lution, which commonly occurs at high temperature as seen in
hydrothermal water systems (Byrne and Sholkovitz, 1996). As dis-
cussed in Section 6.2, the positive Eu anomaly in the water caused
by the reaction with rocks occurs when the temperature is above
70 °C (Minami et al., 1995). If 70 °C is used as the possible lowest
temperature of water-rock interaction, the depth is calculated to
be deeper than 3060 + 175 m from the surface, considering that
(i) the geothermal gradient of the investigated area is 18 £ 1 °C/
km (Nansheng et al.,, 2008) and (ii) the surface temperature is
15°C.

In general, however, the reservoir of saline fossil waters related
to petroleum is deeper than that of gas and crude oil due to their
density variations. At the Dushanzi oil field, which is close to sites
8-9, Oligocene crude oil is collected from a depth of 3644-3656 m
beneath the surface (Clayton et al., 1997). Therefore, if 81 °C is ta-
ken as the lowest temperature for the water-rock interaction cal-
culated from the O isotope ratio, the depth is about
3670 £ 200 m, slightly deeper than the reservoir of oil at the Dush-
anzi mud volcanoes (sites 8 and 9). In addition, the water-rock
interaction occurs deeper than 3670 m for sites 1-4 and 6-7 from
the higher calculated temperature.

Considering that the gases released from the mud volcanoes can
be related to the petroleum reservoir (Fig. 9) and that generally the
gas reservoir is above the petroleum reservoir, the thermogenic gas
released from Xinjiang mud volcanoes would be derived from
about 3600 m beneath the surface. This depth, 3600 m, is greater
than those of other mud volcanoes releasing 13C-enriched CO,
(Pallasser, 2000; Etiope et al., 2009b). Such a greater depth could
be related to the geology of the Junggar Basin. The Junggar Basin
is covered by very thick sediments, and its geothermal gradient
is lower than that of the average continental crust especially in
the western and southern margins of the basin (Avouac et al.,
1993; Nansheng et al., 2008).

Assuming that the (i) surface temperature is 15 °C, (ii) average
geothermal gradient of the area is 18 £ 1 °C/km (Nansheng et al.,
2008), and (iii) depth of the gas reservoir is 3600 m, the tempera-
ture of the gas reservoir is calculated to be 79.8 £ 3.6 °C. This calcu-
lation suggests that the temperature of the gas reservoir in
Xinjiang mud volcanoes is within the highest range of 60-80 °C,
where anaerobic biodegradation has been shown to occur in other
mud volcanoes (Pallasser, 2000; Etiope et al., 2009b), or slightly
higher than the suggested temperature range.

The depth of oil biodegradation, including CO, reduction reac-
tions occurring in this area, may be shallower than the reservoir
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Fig. 11. Schematic illustration of the origin of mud volcanoes in the study area.
Cross section is based on Avouac et al. (1993). Dashed line represents the faults
which were interpreted from seismic reflection studies (see Avouac et al., 1993 and
references therein).

depth of the gas. The shallower depth of oil biodegradation is sup-
ported by the heterogeneous §'3Cco, values observed for sites 1, 2
and 4, which would have the same reservoir due to their close
proximity and similarities, as shown by other data. Etiope et al.
(2009b) implied the possibility that a deep reservoir of thermo-
genic gas can be associated with secondary microbial activity at
shallow depth. This study reinforces the model which considers a
deep reservoir with thermogenic gas and secondary microbial
activity likely occurring along the seepage system, which often in-
cludes minor gas accumulations, above the main deep reservoir
(Fig. 11).

7. Conclusions

This study provides, for the first time, a data set of mud, water,
and gas released from mud volcanoes in northwestern China. Ma-
jor and trace element compositions of mud suggest that the mud
originates from Mesozoic or Cenozoic shale. The origin of water
is suggested to be fossil meteoric water which has experienced
interaction with rock. Thermogenic CH, dominates the composi-
tion of gas.

Taking into account the petroleum reservoir around the mud
volcanoes, the reservoir depth of gas may be about 3600 m. As
suggested by the geothermal gradient of the studied area, the
water-rock interaction occurs deeper than 3670 + 200 m. QOil bio-
degradation and secondary methanogenesis occur at shallower
depth along the seepage system of the mud volcanoes which
caused large isotopic changes in CO,. This study provides an exam-
ple of terrestrial mud volcanoes that release thermogenic gas from
very deep sedimentary layers, followed by microbial activity which
occurs in the seepage system, probably including minor gas pools
above the main reservoir.
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1. Introduction

Mud volcanoes are surface expressions of mud accompanied by water and gas originated
from deep underground. They are found all over the world. The locations of mud volcanoes
resemble magmatic volcanoes, that is, they are concentrated in areas of compressional
tectonic settings such as accretionary complexes and subduction zones (Dimitrov, 2002,
2003; Kholodov, 2002; Kopf, 2002). Recent developments in seismic exploration and seafloor
imaging have led to the discovery of mud volcanoes not only onshore, but also offshore. The
fact that mud volcanoes are found along the compressional area suggests that eruptions are
related to the occurrence of volcanic and earthquake activity. Mud extrusion is a
phenomenon wherein fluid-rich, fine-grained sediments accompanying the gases ascend
within a lithologic succession through conduits from pressurized reservoirs because of their
buoyancy. The factors controlling the occurrence of mud volcanoes are considered to be (i)
recent tectonic activity, particularly in a compressional regime; (ii) rapid loading of rocks
due to fast sedimentation, accretion, or overthrusting; (iii) active hydrocarbon generation;
and (iv) existence of thick, fine-grained, soft sediments deep in the sedimentary succession
(Dimitrov, 2002). The main factor in mud volcano formation is considered to be a gravitative
instability in low-density sediments below high-density rocks induced by fast
sedimentation.

The major differences between mud volcano and normal (magmatic) volcano are as follows:
(i) mud volcano only releases, as suggested by its name, mud associated with water,
whereas magmatic volcano releases ash and high-temperature lava; and (ii) most of the
gases released from the former are methane (CHai), whereas the latter releases CO2 and N,
except for water vapor. With regard to difference (i), one may think that the mud volcano is
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not serious as a natural disaster. On the contrary, in Indonesia for example, more than
30,000 people lost their homes due to the eruption of mud (Mazzini et al, 2007). The
eruption of an enormous amount of mud (170,000 m?® per day at the maximum) with the
temperature close to 100 °C buried the Sidoarjo village in Northeast Java (Mazzini et al.,
2007). Thus, it is important to understand the eruption mechanism from the view of the
disaster caused by the eruption. Difference (ii) is also important, considering that CHs has a
larger global warming potential than CO2 (IPCC, 2001). According to the IPCC report (2001),
the global warming potential of CHa is 62 times higher than that of CO:z in 20 years and 23
times higher in 100 years. The reported CHs concentration released from mud volcanoes all
over the world shows that CHs dominates more than 90% for most mud volcanoes (Table 1).
Furthermore, even if mud volcanoes are in the quiescent period, they constantly release
gases into the atmosphere. Considering that magmatic volcanoes are not active in the
quiescent period, the consecutive release of CHs from mud volcanoes is potentially an
important problem. Therefore, understanding the source, abundance, and cause of CHs
release from mud volcanoes is necessary to evaluate the global warming and potential
resource as energy.

Both the concentration and CHs flux from mud volcanoes to the atmosphere are important.
Thus far, several estimates for global emission have been done, including 10.3 Tg y™' to 12.6
Tg y! (Dimitrov, 2002), 5 Tg y' to 10 Tg y' (Etiope and Klusman, 2002), 5 Tg y~' (Dimitrov,
2003), and 6 Tg y! to 9 Tg y' (Etiope and Milkov, 2004). The estimates include several
assumptions that can have large uncertainty in their flux estimation because it is almost
impossible to determine the quantity of CHa released from each mud volcano on Earth.
More recently, it has also been reported that gases from mud volcanoes not only originate
from visible bubbling in the crater of mud volcanoes but also from soils around mud
volcanoes. For example, Etiope et al. (2011) performed flux measurements from soils around
mud volcanoes in Japan and showed that total output from soils is comparable with that
from vents in the mud volcanoes. Their calculation suggests that global CH4 flux from mud
volcanoes is between 10 and 20 Tg y! (Etiope et al., 2011). These estimates mean that mud
volcanoes represent an important natural source of atmospheric CHs considered in global
greenhouse gas emission inventories.

Understanding the origin of CHi, namely, microbial origin from acetate fermentation,
microbial from carbonate reduction, thermogenic, and inorganic, provides information on
the process and environment responsible for its generation. The interpretation of the origins
of gas is generally based on its stable carbon and hydrogen isotopes (3°C and 8D,
respectively), and on the chemical composition of its gaseous alkanes (Ci-Cs methane,
ethane, propane, and butane). In particular, identifying the gas source is accomplished by
plotting the stable carbon isotope ratio of Ci (3'3Ci) versus the light gas composition
(Bernard et al., 1978), and the 3'3Ci1 versus 8D1 (Schoell, 1983). Post-genetic alterations that
can affect isotopic and molecular composition of gas should also be considered. The
processes include (i) aerobic and anaerobic microbial oxidation of CHs, (ii) abiogenic
oxidation, (iii) isotopic fractionation by diffusion, (iv) molecular fractionation by advection,
(v) gas mixing, and (vi) anaerobic biodegradation of petroleum and secondary
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methanogenesis. In this respect, both the chemical and isotopic compositions of
hydrocarbons and of CO: can be useful. In this chapter, we attempt to improve our
understanding of the origin of gases released from terrestrial mud volcanoes and seepages
by summarizing published data. Further knowledge will allow researchers to use seepage
gases as a tracer for hydrocarbon reservoirs and as an indicator of geodynamic processes,
hazards, and importance in global changes.

2. Database

The database used in this chapter includes all terrestrial mud volcanoes and other seeps
for which all the following parameters are reported: CHa stable isotopes (8°C1 and 8Dn),
compositional ratio of hydrocarbons [C1/(Cz2 + Cs)], and concentration and stable carbon
isotope ratio of COz. The data which satisfy these restrictions are listed in Table 1. From
more than 200 data, only 27 data from five countries consisted of all five parameters: 14
mud volcanoes from Azerbaijan, 7 from China, 1 from Georgia, 2 from Japan, and 3 from
Turkmenistan; all other data lacked at least one parameter (Valyaev et al., 1985; Etiope et
al., 2011; Nakada et al., 2011). Numerous studies have reported on at least one of the
parameters above and/or the data of gases collected from the same mud volcanoes in
different periods. However, the discussion should be performed using all the parameters
above reported in one study, because (i) gases released from mud volcanoes have a
complicated history, including secondary alterations, and (ii) compositions and stable
isotope ratio can be fluctuated with time even in the same vent. Meanwhile, data from
peats, recent sediments in freshwater environments, anthropogenically induced seeps
from coal mines, coal-bed CH: production, and submarine mud volcanoes are not
considered.

3. Results and discussion
3.1. The “Bernard” and “Schoell” diagrams

All the data listed in Table 1 are plotted in the “Bernard” and “Schoell” diagrams, namely,
813C1 versus Ci1/(Cz2 + Cs) (Bernard et al., 1978; Faber and Stahl, 1984), and '3C1 versus D1
(Schoell, 1983). The former plot, which is widely used for the discrimination of thermogenic
and microbial Ci, was originally developed by Bernard et al. (1978) through their analysis of
hydrocarbons from Texas shelf and slop sediments. In 1984, Faber and Stahl collected
sediment samples from the North Sea and modified the Bernard plot by adding the
maturation trends of type II and type III kerogen. Figure 1 shows that all the gases released
from mud volcanoes in China and Japan fall within or close to the thermogenic field. One of
three data in Turkmenistan also falls within the thermogenic field, while two data from
Turkmenistan and Georgia are in the intermediate region of the thermogenic and microbial
fields. The rest of the data, all from Azerbaijan and one-third from Turkmenistan, fall in the
region A, an ambiguous sector above the thermogenic field and right to the microbial. Gases
from mud volcanoes do not appear to originate from microbial activities. However, gases
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from mud volcanoes in Azerbaijan, Italy, Papua New Guinea, and Russia (Taman Peninsula)
fall in the microbial area (Valyaev et al., 1985; Baylis et al., 1997; Etiope et al., 2007). The data
listed in Table 1 are selected ones that show all five parameters described in the previous
section. Hence, the data lacking in other parameters, such as 8D1 or 3'Ccoz are not
considered in the present work. Then, it should be noted that not all the gases released from
mud volcanoes are of thermogenic origin.
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Figure 1. Carbon isotope ratio of CHa vs. hydrocarbon molecular composition diagram (Bernard plot;
Bernard et al., 1978).

The “Schoell” plot, developed by Schoell (1983) through a summary of the genetic
characterization of natural gases from several basins and areas including Gulf of Mexico,
German Molasse, and Vienna (references therein), also shows that the data summarized
here do not fall in the microbial field (Fig. 2). Likewise, no data are plotted in the dry
thermogenic field (Tp). Most of the data fall in the thermogenic field associated with oil or
the mixed field. The gases collected in Japan were plotted in the thermogenic field with
condensate. Similar to the discussion for the Bernard diagram, the data selected in this work
do not cover all the reported data on gases released from mud volcanoes. Actually, gases
released from mud volcanoes in Papua New Guinea and Italy fall in the microbial field
(Baylis et al., 1997; Etiope et al., 2007). However, until now, any combination of §'*Ci and
8D1 is not reported for the gas samples that fall on the dry thermogenic area released from
mud volcano, though gases from water seeps and dry seeps sometimes fall on the dry
thermogenic field (Etiope et al., 2006; 2007, Greber et al., 1997).
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Figure 2. Carbon and hydrogen isotope diagram of CHa (Schoell plot; Schoell, 1983); To: thermogenic
with oil; Tc: thermogenic with condensate; To: dry thermogenic.

The above figures suggest that thermogenic hydrocarbons are the main component of gases
released from mud volcanoes. Considering that about half the gases from Azerbaijan fall in
the thermogenic field in the Schoell plot, the reason gases plotted in region A in the Bernard
diagram may be due to the fact that mixing between thermogenic and microbial or
compositional ratio of hydrocarbons changed during post-genetic alteration. Considering
oBC1 values alone, gases from Azerbaijan can be regarded as thermogenic, whereas Bernard
ratios, namely, C1/(Cz + Cs), are in the range of microbial origin. Therefore, it can be natural
to consider that the data indicate mixing of the gases with two origins. When combining the
origins, however, both Bernard ratios and $*C: values are high enough to assume mixing
between thermogenic and microbial, because the mixing trend generally tracks high §'°C:
value with low Bernard ratio to low §'*C1 value with high Bernard ratio and vise versa. This
empirical rule suggests that gases from Georgia and one-third from Turkmenistan are
regarded as tracking the mixing trend. On the other hand, gases from Azerbaijan and
another one-third from Turkmenistan are not tracking the mixing trend, suggesting that the
gases plotted in region A are not due to the mixing of thermogenic and microbial
components. The data fall in region A in the Bernard diagram, therefore indicating post-
genetic alteration such as (i) aerobic and anaerobic microbial oxidation of CHs, (ii) abiogenic
oxidation, and (iii) anaerobic biodegradation of petroleum and secondary methanogenesis.
In this respect, discussion using only isotope and compositional ratios of hydrocarbon is not
sufficient; CO2 data provide useful information.
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3.2. Large variation in §*Ccoz from mud volcanoes

In contrast to the 3°C: values, 8"*Ccoz2 from mud volcanoes show a large variation, from -
36.9%0 to +29.8%o (Table 1). Furthermore, the 8"*Ccoz values of the gases from Azerbaijan
and China, which were plotted on a narrow range in the Bernard diagram, varied to a large
degree. The 3*Ci1 values of Azerbaijan show a variation of 11.1%o (from -52.2%o to -41.1%o),
whereas the variation of $%Ccoz values is 51%o (from -36.9%o to +14.1%o). Similar to
Azerbaijan, gases from seven mud volcanoes in China show a small variation in §*C1 (7.3%o,
from -45.9%o to -38.6%0) and a large variation in §'*Ccoz (41.3%o, from -11.5%0 to +29.8%o).
Besides the data selected there, similar characteristics also present in other reported data of
gas released from mud volcanoes. Seven mud volcanoes in Georgia have a variation of
14.4%0 in 8'3C1 values and a 28.7%o variation of §*Ccoz (Valyaev et al., 1985). Six vents of a
mud volcano in Italy have a range of 8C1 in 4.3%o with 29.1%o variation of 5'3Cco2 values
(Favara et al., 2001). Thirteen mud volcanoes with 20 reported isotopic ratios in Russia
(Taman Peninsula) show a variation of 31.3%o in 3'°C1 and a variation of 41.9%o in §'*Cco2
(Valyaev et al.,, 1985; Lavrushin et al, 1996). Twelve mud volcanoes with 15 vents in
Trinidad display a variation of 21.6%o in 8'3Ci and a 32.4%o variation in 8*Ccoz (Deville et
al., 2003). Turkmenistan, with six available data of mud volcanoes, shows a variation of
12.5%0 in 83C1 with 32.1%o variation in 3'3Cco2 (Valyaev et al., 1985). Eleven reported data
from Ukraine show a 16.8%o variation in 8C1 and a 40.9%o. variation in §'*Ccoz (Valyaev et
al., 1985). Seven mud volcanoes in Taiwan, in contrast, display a variation of 27.3%o in 5'3Ci
with 17.3%o in 8*Ccoz (Etiope et al., 2009). These facts clearly indicate that terrestrial mud
volcanoes show a large variation in the isotopic ratio of CO2, though most of their &Ci
values are within a thermogenic range.

In general, the §°Cco2 value ranges from -25%o to -5%o for natural thermogenic and/or
kerogen decarboxylation (Jenden et al.,, 1993; Kotarba, 2001; Hosgormez et al., 2008). In
addition, Jenden et al. (1993) suggested that the upper limit of 3'3Cco2 value due to the
alteration of marine carbonates is +5%o. Therefore, CO2 released from mud volcanoes with
81%Cco2 value above that threshold can be called *C-enriched CO2. Surprisingly, 14 mud
volcanoes in the 28 listed in Table 1 release *C-enriched CO:. Considering the 134 mud
volcanoes described in the previous paragraph (data not shown), 66 (49%) of them show the
13C-enriched value.

Before assessing the relationship between *C-enriched CO: and composition and isotopes of
carbon in hydrocarbon gas, it is necessary to note that a large variability of the §*Ccoz value
can be found within a mud volcano, both in space (gas samples from different vents) and in
time (same vents analyzed in different time). For example, according to Nakada et al. (2011),
four mud volcanoes (sites 1-4) are located very close to one another. The chemical
compositions of mud and water, as well as relative abundances and stable isotopes of
various hydrocarbons, are very similar. In particular, sites 2 to 4 are located within a 500 m
distance, suggesting that their reservoir can be the same. Among these sites, however, only a
gas released from site 2 has *C-enriched COz2 (+16.2%o), whereas CO2 from sites 1 and 4 are
within a range of kerogen decarboxylation, -8.0%o and -11.5%o, respectively (gases from site
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Name 813Cy 8D1 88Cco2 CHa (%) CO2(%) Ci/(C2+Cs) Reference
Azerbaijan

Airantekyan —44.9 -236  +139 96.9 3.04 2423 Valyaev et al. (1985)
Akhtarma Pashaly —47.9 -159 -7.2 99.1 0.68 825 Valyaev et al. (1985)
Chukhuroglybozy —41.1 -215 +1.7 99.5 0.42 2488 Valyaev et al. (1985)
Dashgil —42.2 -200 —-6.4 99.0 0.93 2476 Valyaev et al. (1985)
Galmas -47.7 -167  +13.7 97.4 2.06 2435 Valyaev et al. (1985)
Goturlyg —42.7 -198 -154 98.9 0.99 989 Valyaev et al. (1985)
Gyrlykh -49.3 -204 +0.6 98.4 1.54 3280 Valyaev et al. (1985)
Inchabel —-48.9 -158  -30.9 94.4 5.53 1573 Valyaev et al. (1985)
Kichik Kharami -52.2 -204 +0.4 98.7 1.20 1646 Valyaev et al. (1985)
Shikhikaya -47.3 -170  -36.9 98.9 0.99 989 Valyaev et al. (1985)
Shikhzagirli (llanly) — —42.5 -194 +0.1 99.1 0.81 3302 Valyaev et al. (1985)
Shokikhan —42.0 -228  +13.8 96.7 3.30 3222 Valyaev et al. (1985)
Zayachya Gora (a) —44.8 -198  +10.5 99.0 0.81 1647 Valyaev et al. (1985)
Zaakhtarma —46.0 —220 +14.1 93.8 6.14 852 Valyaev et al. (1985)
China

site 1 —45.9 -229 -8.0 91.6 0.20 11 Nakada et al. (2011)
site 2 —43.7 244  +16.2 89.0 0.50 9 Nakada et al. (2011)
site 4 —424 -227  -115 89.6 0.10 10 Nakada et al. (2011)
site 6 —40.7 -252 4211 81.5 0.14 15 Nakada et al. (2011)
site 7 -39.7 264  +24.6 80.4 0.17 13 Nakada et al. (2011)
site 8 —40.7 -229  +29.8 92.6 0.45 14 Nakada et al. (2011)
site 9 -38.6 -242 -4.8 75.8 0.31 9 Nakada et al. (2011)
Georgia

Tyulkitapa -53.1 -196 +5.9 89.0 10.86 77 Valyaev et al. (1985)
Japan

Kamou -33.9 -172 +109 95.4 291 108 Etiope et al. (2011)
Murono vent2 -36.2 -175  +28.3 93.7 5.62 144 Etiope et al. (2011)
Turkmenistan

Keimir —48.2 -213 252 95.3 0.89 79 Valyaev et al. (1985)
Kipyashii Bugor —43.8 -176 +6.9 96.8 2.79 968 Valyaev et al. (1985)
Ak-Patlauk -55.7 -199 -16.2 94.2 3.67 44 Valyaev et al. (1985)

Table 1. Selected data of composition and stable isotope ratio of CHs and COs.

3 were not collected). Another example can be given by mud volcanoes in Japan. Kato et al.
(2009) reported that the 8'*Ccoz value of gas released from the Murono mud volcano in
August 2004 was +30.8%0. Mizobe (2007) showed that the value of the same mud volcano in
May 2005 was +19.2%o and in June 2006 was +21.2%o. Etiope et al. (2011) reported the value
of the same mud volcano was +28.32%o in May 2010. In contrast, the variation observed in
813C1 value of the Murono mud volcano reported in these papers was -33.1%o to -36.2%o.
These observations mean that the different vents of a mud volcano can be related to
different circulation systems and/or post-genetic processes, and possibly different source
pools or reservoirs. Some of the large Azerbaijan mud volcanoes show oil-saturated
structures in some vents while others do not. This finding means that mud volcano systems
may not be uniform, but can be structured in different systems and isolated blocks.
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However, the variation of 8"*Ccoz with time for the same vent suggests that CO2 carbon
isotopes are intrinsically unstable and can be affected by multiple gas-water-rock
interactions. According to the estimation by Pallasser (2000), however, the dissolution effect
is limited in the carbon isotope enrichments of up to 5%, suggesting that the main
enrichment is due to biochemical fractionation related to secondary methanogenesis.

Figure 3 shows that 3C-enriched CO: has no relation with COz concentrations. Hypothetical
end-members were assumed in the figure at 30% CO: with a carbon isotope ratio of 10%o
and 25% CO:2 with §'3Ccoz of 30%. for fermentation of hydrocarbon oxidation products, and
0% CO2 with carbon isotope ratio of -20%o and 0.5% CO2 with §'3Ccoz of 0%o for thermogenic
(Jeffrey et al., 1991). The observed data are distributed following the mixing trend between
CO2-rich gas produced by fermentation and COz-poor thermogenic gas. The two trend lines
appear compatible with a mixing model and, therefore, with the presence of a residual CO2
related to secondary methanogenesis and anaerobic biodegradation.
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Figure 3. Relationship between §3Ccoz and COz2 concentration. The 2 lines refer to a mixing trend
similar to the model by Jeffrey et al. (1991).

3.3. CH: versus CO:

The relationship between 8*C of CHs and CO: is shown in Fig. 4. The 3C-enriched CO:
seems to occur preferentially in thermogenic CHs, where 3'3C1 values are within a range of -
50%o to -30%o. In other words, this relationship seems to have a correlation; the gases
showing a low 8'3C1 value have a low 3'3Ccoz value while a high §°C1 value corresponds to a
high 3'3Cco2 value. This observation can imply that the light §'*C1 in the few mud volcanoes
(although data are not shown here, gases from Azerbaijan, Italy, Papua New Guinea, and
Taman Peninsula fall in the microbial area in the Bernard diagram) with microbial gas is not
due to secondary methanogenesis, but simply to primary methanogenesis. On the other
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hand, thermogenic gas with *C-enriched CO2 maintains its high 3*C: value, indicating that
813C1 value is not perturbed by the secondary microbial gas. The 5'3Ci value does not vary to
a large degree by post-genetic alteration because the amount of secondary microbial CHa is
small compared with that of the pre-existing thermogenic gas.
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Figure 4. Relationship between carbon isotopes of CHs and COs.

However, the post-genetic alteration can lead to a significant change in their concentration
and isotopic composition for CO2. Oil biodegradation, one of the post-genetic alterations
followed by CO:2 reduction, is described as follows:

CO, + 4H, - CH, + 2H,0. )

This reaction is associated with a large kinetic isotope effect, meaning that the more the
reaction proceeds with decreasing CO2 concentration, the more °C is enriched in residual
COs2. Considering that CO: is a minor component of gases released from mud volcanoes, the
concentration and isotopic composition of CO2 can largely be affected by the reaction. The
isotope effect of oil biodegradation results in the increase in 3'3C of residual CO2, which can
easily exceed +10%. (Pallasser, 2000; Waseda and Iwano, 2008). Occurrence of oil
biodegradation is suggested by the high C2/Cs and i-Cs/n-Cus ratios (Pallasser, 2000; Waseda
and Iwano, 2008) and/or by the presence of Hz gas. For example, all these characteristics are
identified in the gases released from mud volcanoes in China, which show a large variation
in 8Cco2 as described above (Nakada et al., 2011). The increase of C2/Cs ratio due to oil
biodegradation also leads to an increase of Bernard ratio, meaning that a gas sample plotted
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on the Bernard diagram will move in an upward direction. Thus, gases that fall in region A,
which is geometrically above the thermogenic field in the Bernard diagram (Fig. 1), can be
subject to the post-genetic alteration including biodegradation.

3.4. Depth of the reservoir and *C-enriched CO:

The anaerobic biodegradation of oil and natural gas has been document to be mostly limited
to shallow reservoirs, generally shallower than 2000 m with temperature below 60 °C to 80
°C (Pallasser, 2000; Feyzullayev and Movsumova, 2001). For example, the depth of
petroleum reservoirs in the South Caspian Basin is shallower than 2000 m if the data are
confined to the gas showing “C-enriched CO: (Fig. 5; after Etiope et al., 2009). This
observation suggests that mud volcanoes showing anaerobic biodegradation signals will be
linked with shallow reservoirs, while mud volcanoes without anaerobic biodegradation will
more likely be produced by deeper reservoirs. Anaerobic biodegradation of petroleum and
subsequent secondary methanogenesis, however, can also take place at shallower depths
even above the deep reservoir along the seepage channels of the mud volcano system.
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Figure 5. Carbon isotopic ratios of COz vs. reservoir depth in the South Caspian Basin and China.
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Recently, Nakada et al. (2011) showed that the reservoir depth of mud volcanoes in
Xinjiang Province, China, is deeper than 3600 m, though some of the volcanoes release
13C-enriched COz. The province hosts a large abundance of petroleum; therefore, many
oil-testing wells are made in the province, leading to the knowledge of geothermal
gradient and depth of oil reservoir. Nakada et al. (2011) calculated the equilibrium
temperature of oxygen isotope fractionation between water and calcite in mud, indicating
that the temperature where the water-rock interaction is occurring is 81 °C for mud
volcanoes located close to the Dushanzi oil field. Assuming the mean geothermal gradient
of the area is 18 +1 °C/km (Nansheng et al., 2008) and that the surface temperature is 15 °C,
the depth of the chamber with the temperature of 81 °C is calculated to be 3670 +200 m.
The calculated depth is slightly deeper than the oil reservoir at the Dushanzi field (3644
m-3656 m; Clayton et al., 1997). However, considering that the reservoir of saline fossil
waters related to petroleum is generally deeper than that of oil and gas due to the
difference in density, the calculation by Nakada et al. (2011) was surprisingly well
consistent with the observation by Calyton et al. (1997). Then, Nakada et al. (2011)
estimated the depth of gas reservoir at about 3600 m by considering that (i) the gases
released from the mud volcanoes in the area were thermogenic gas associated with oil and
(ii) the gas reservoir is generally located above the petroleum reservoir. The depth of 3600
m is greater than those previously reported for mud volcanoes releasing '3C-enriched
COq, such as those in South Caspian Basin. Thus, the secondary microbial effect that can
occur at a relatively shallower depth must be considered separately from the initial
thermogenic source in the field in China. Therefore, Nakada et al. (2011) clearly showed
that the anaerobic biodegradation of petroleum can take place at a shallower depth. This
result strengthens the model that considers a deep reservoir with thermogenic gas and
secondary microbial activity occurring along the seepage system above the main deep
reservoir.

4. Summary

Terrestrial mud volcanoes release a dominant abundance of thermogenic CHu related to the
activities in relatively deep reservoirs, most of which are in petroleum seepage systems.
Maturated petroleum associated with gas and water pressurizes the reservoir, causing gas
and water to ascend preferentially through faults (Nakada et al., 2011). Some post-genetic
secondary processes can alter the chemical and isotopic composition of the gases. Among
these processes, some mixing, molecular fractionation, and particularly, secondary
methanogenesis related to subsurface biodegradation of petroleum seem to be significant in
changing the chemical and isotopic composition of gases released from mud volcanoes.
Mud volcanoes show highly variable 63Ccoz values even within the same mud volcanoes,
such that ®C-enriched CO2 can be found in some vents and not in others nearby, or not
systematically changed in the same vent, meaning that *C-enriched CO: is, therefore, not an
uncommon characteristic. The association of anaerobic biodegradation can depend on the
type of microbial communities and physicochemical conditions of the reservoir.
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Abstract

Cerium (Ce) has anomalously high or low concentrations relative to its neighboring elements, lanthanum (La) and praseo-
dymium (Pr), because of its chemical properties; this phenomenon is known as the Ce anomaly. This redox-sensitive property
of Ce allows the estimation of the redox state of paleo-ocean environments and the evolution of the atmosphere. However, a
consideration of only the relative abundance of Ce may lead to an incomplete understanding of its oxidation process. In the
current study, three important geochemical parameters, namely, abundance, stable isotope ratio, and chemical speciation,
were obtained for Ce to derive more information from the Ce anomaly. In our adsorption experiments, the distribution pat-
tern of rare earth elements (REEs) suggests the oxidative scavenging of Ce by 6-MnO,. This finding is further supported by
the presence of Ce(IV), as detected by the X-ray absorption near-edge structure (XANES) spectra, which is in agreement with
previous studies. However, the REE distribution pattern combined with the XANES spectra of the Ce adsorbed on ferrihy-
drite indicated that Ce may not have been oxidized by ferrihydrite in the Ce/ferrihydrite system during our experimental per-
iod. Assuming equilibrium fractionation, the mean isotopic fractionation factors between the liquid and solid phases (o.q-so)
of (i) Ce adsorbed on ferrihydrite, (ii) spontaneous precipitation of Ce, and (iii) Ce adsorbed on §-MnO, were 1.000145
(£0.000022), 1.000196 (£0.000031), and 1.000411 (£0.000079), respectively. These results indicate that the degree of isotopic
fractionation of Ce between the liquid and solid phases becomes larger as the redox condition becomes more oxic in the fol-
lowing order: adsorption without oxidation < spontaneous precipitation < oxidative adsorption. Previously, the appearance
of the Ce anomaly and/or XANES analysis constituted the only tool available for exploring the redox state. This study, how-
ever, suggests that the stable isotope ratio of Ce can be used to clearly distinguish spontaneous precipitation from oxidative
adsorption on 3-MnQ,, that occur under more oxic conditions than the Ce(IIl)/Ce(IV) boundary. Although similar experi-
ments need to be done in a system more similar to natural systems, our results suggest that the combination of the stable
isotope ratio and chemical state of Ce can be used to classify the redox condition into three stages based on Ce geochemistry,
thereby offering a powerful tool for exploring redox conditions in paleo-ocean environments.
© 2012 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Cerium (Ce), one of the rare earth elements (REEs), has
the unique characteristic of being able to form tetravalent
cations under oxic conditions, whereas the other REEs
are stable in a trivalent state. Although Ce(IV) carbonate
species are soluble (Mo&ller and Bau, 1993), Ce is relatively
insoluble in seawater compared with other REEs following
the oxidation from Ce(III) to Ce(IV), due to the low solu-
bility of Ce(IV). Two formation processes for the oxidation
of Ce(IV) are possible. The first is oxidation after adsorp-
tion onto a solid phase, namely, oxidative adsorption,
which may occur on manganese oxide (e.g., Taylor and
McLennan, 1988; Takahashi et al., 2000, 2007). The other
process is oxidation in the liquid phase followed by precip-
itation as Ce(OH)4 or CeO, (De Baar et al., 1988; German
and Elderfield, 1989; Braun et al., 1990). Given these chem-
ical properties, an anomalously high or low concentration
of Ce relative to its neighboring elements, lanthanum (La)
and praseodymium (Pr), known as a positive or negative
Ce anomaly, respectively, is often observed in REE abun-
dance patterns following the generation of Ce(IV) (Hender-
son, 1984). This redox-sensitive property allows the
estimation of the redox state of a paleo-ocean environment
(e.g., Shimizu and Masuda, 1977; Wang et al., 1986; Wright
et al., 1987; Murray et al., 1991) and the study of the redox
evolution of the atmosphere (e.g., Fryer, 1977; Murakami
et al., 2001; Kato et al., 2006).

In seawater, REEs are adsorbed on various types of sus-
pended matter and solid phases. In particular, marine ferro-
manganese deposits show large positive Ce anomalies in
their REE patterns (e.g., Piper, 1974; Elderfield et al.,
1981; Bau et al., 1996). Large negative Ce anomalies in
REE patterns are observed in seawater as a counterpart
to these positive anomalies (e.g., Elderfield and Greaves,
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1982; Piepgras and Jacobsen, 1992; Moller et al., 1994).
The positive Ce anomalies in marine ferromanganese oxides
are possibly caused by the oxidative adsorption of Ce
(Takahashi et al., 2000, 2007). Takahashi et al. (2007)
showed that the chemical state of Ce in marine ferromanga-
nese deposits is tetravalent, regardless of the formation
environment, namely, hydrogenetic, diagenetic, and hydro-
thermal. In addition, adsorption experiments have sug-
gested the oxidation of Ce by 6-MnO, (Takahashi et al.,
2000; Ohta and Kawabe, 2001). The Eh—pH diagram indi-
cates that the Mn?*/MnO, boundary is located at a higher
Eh level than that of Ce®/CeO, (Brookins, 1988; Fig. 1A).
These facts support the suggestion that Mn oxides can act
as an oxidant for Ce(Ill), indicating that the oxidative
adsorption of Ce on Mn oxides can generate a positive
Ce anomaly. Meanwhile, the Fe?"/Fe(OH); boundary is lo-
cated at an Eh level lower than the Ce*"/CeO, boundary
(Brookins, 1988; Fig. 1A), indicating that Fe(OH); may
be less powerful in oxidizing Ce into CeO,, as suggested
by previous studies (De Carlo and McMurtry, 1992; Kaw-
abe et al., 1999; Takahashi et al., 2007). However, Kato
et al. (2006) summarized the REE pattern of Precambrian
banded iron formations (BIFs) and showed that both posi-
tive and negative Ce anomalies were observed regardless of
their formation age. Surprisingly, although some Precam-
brian BIFs may have undergone recent weathering or
post-depositional alteration (e.g., Bau, 1993), some Arche-
an BIFs show positive Ce anomalies. If Mn oxides are nec-
essary to generate positive Ce anomalies, it is questionable
whether Mn oxides existed in ancient periods when the
atmospheric oxygen level was estimated to be less than
107> atm (e.g., Pavlov and Kasting, 2002; Catling and
Claire, 2005).

Recently, Bau and Koschinsky (2009) suggested the oxi-
dative scavenging of Ce by Fe hydroxides, following leach-
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Fig. 1. (A) Eh—pH diagram for Fe, Mn, and Ce in the system metal-H-O at 25 °C. The red line represents the soluble-insoluble boundary for
Fe (soluble species: Fe>™ and Fe*'; insoluble species: Fe(OH); and Fe(OH),). The green line represents the boundary between Ce*" (soluble)
and CeO, (insoluble). The blue line represents the soluble—insoluble boundary for Mn (soluble species: Mn*"; insoluble species: MnO,, MnO,
Mn;0,, and Mn(OH),). In this calculation, the concentrations of both Fe and Mn are 107® M, and that of Ce is 10~'° M. (B) Calculated
species distribution of Ce under the experimental conditions. The data for REE-carbonate complexation constants were obtained from Luo
and Byrne (2004), and the equilibrium constants of the carbonate species were obtained from Nordstrom et al. (1990). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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ing experiments with a hydrogenetic ferromanganese crust.
Furthermore, Bau (1999) performed scavenging experi-
ments and demonstrated oxidative scavenging of Ce by
Fe hydroxide, especially at lower pH (pH < 4.6). Their re-
sult suggested that discussions relying only on the Eh—pH
diagram would be risky if applied to the natural environ-
ment. All these findings imply that the geochemical pro-
cesses responsible for the occurrence of Ce anomalies are
not fully understood, and that any discussion based only
upon the intensity of the Ce anomaly will have limitations.
Therefore, alternative and quantitative evidence is needed
to fully determine the cause of Ce anomalies.

In this study, we examine the Ce stable isotope ratio as
an alternative geochemical tool that may have better reso-
lution in discerning redox conditions. This study aims to
provide information on the relationship between redox con-
ditions and the mass-dependent isotope fractionation of the
Ce stable isotope ratio. More information on redox condi-
tions in the paleo environment may be obtained if fractio-
nations of the Ce stable isotope respond differently to
different geochemical processes as follows: (i) adsorption
of Ce*" without oxidation; (ii) precipitation as CeO, or
Ce(OH),; and (iii) oxidative scavenging on Mn oxide (cor-
responding to fields (i), (ii), and (iii), respectively, in
Fig. 1A). To date, several geochemical (isotopic) tracers
have been introduced to clarify paleo-redox conditions,
such as A*S, 5°°Fe, 6°Cr, and Mo isotopes (e.g., Farquhar
et al., 2000; Anbar et al., 2007; Johnson et al., 2008; Frei
et al., 2009). However, most of these indicators are sensitive
only under low atmospheric oxygen conditions, indicating
that geochemical tracers that are useful after the great oxi-
dation event (c.a. 2.2 Ga) are lacking. Therefore, the stable
isotopic fractionation of Ce may be used as an alternative
tool sensitive to suboxic conditions. Speciation analysis of
Ce in the solid phase has also been examined by X-ray
absorption near-edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) analyses to support
the determination of redox conditions, thereby providing
data on the oxidation state of Ce in the solid phase and
quantitative information about the distance to neighboring
atoms and the coordination number (CN), respectively.
This study includes three parameters for Ce that are impor-
tant in inorganic geochemistry: abundance (degree of the
Ce anomaly); the Ce stable isotope ratio; and the chemical
speciation of Ce. This study was confined to a lower pH re-
gion (pH = 5) where the aqua complex is stable, to focus on
the Ce isotopic fractionation from an aqua complex of Ce**
as the first step (Fig. 1B).

2. EXPERIMENTAL
2.1. REE adsorption experiment

Synthetic ferrihydrite was prepared by dissolving 40 g
Fe(NO;); in 500 mL ultrapure water. KOH solution was
then added to the Fe(NOs); solution and pH was adjusted
to between 7 and 8 (Schwertmann and Cornell, 2000).
8-MnO, was prepared by mixing equal volumes of a
30 mM MnCl, solution with a 20 mM KMnO, solution
at pH 10 (Foster et al., 2003). Both precipitates were

washed several times in ultrapure water, and then freeze-
dried. The precipitates were freeze-dried to allow use of
the same materials for various experiments in this study
(adsorption experiments, isotopic study, and XAFS mea-
surements), and to avoid the change of their crystal struc-
ture before and/or during the measurement of EXAFS
spectra. Identification of both minerals was conducted with
an X-ray diffractometer (Multi Flex, Rigaku Co. Ltd.) and
Fe and Mn K-edge EXAFS at BL-12C at the Photon Fac-
tory (Tsukuba, Japan).

A standard REE solution (Spex Certiprep., USA) con-
taining all REEs, except promethium (Pm), at a concentra-
tion of 10.0 mg/L each was placed in plastic bottles with
100 mg ferrihydrite or 30 mg 3-MnO, for the solid phase.
In the REE/ferrihydrite system, 1 mL REE solution and
10 mL ultrapure water served as a liquid phase, whereas
6 mL REE solution with 1 mL ultrapure water was mixed
in the REE/8-MnO, system. Diluted NaOH and HCI solu-
tions were used to adjust the pH to 5.00 4+ 0.05, where REE
is dissolved as hydrated free ion in water without the forma-
tion of a REE carbonate and/or a hydroxide complex. Ionic
strength was not considered in this study because our pri-
mary aim was to understand Ce isotopic fractionation un-
der the simplest conditions. Notably, in our experiment,
the Ce*" aqua complex dominated the Ce species in the li-
quid phase (Fig. 1B). The suspension was stirred for 6 h at
25 °C using a shaking apparatus, based on findings that the
apparent distribution coefficients of La, Ce, gadolinium
(Gd), and lutetium (Lu) are almost constant from 3 to
130 h (Ohta and Kawabe, 2001). This finding indicated that
6 h is a sufficient time to reach equilibrium. At the end of
the experimental period, the liquid phase was separated
from the solid phase by filtration using a hydrophilic PTFE
filter (0.2 um; ADVANTEC).

The filtrate was acidified with HNO3 to obtain a final
concentration of 2 wt% for the determination of the REE
concentration using an inductively coupled plasma mass
spectrometer (ICP-MS; Agilent 7700). Indium (In) and bis-
muth (Bi) were also added at a concentration of 1 ug/L as
internal standards. The precision of the ICP-MS measure-
ment was better than 1% for all the REEs, except for er-
bium (Er) (1.7%), as calculated from repeated
measurements. The distribution coefficient (Ky) of a REE
between the liquid and solid phases is defined as

[REE];;;, — [REE]
¢ x [REE]

Kq (L/g) = (1)
where [REE]g; is the REE concentration in the filtrate and
[REE]y,; is the initial concentration of dissolved REE. ¢
(g/L) denotes the ratio of the solid phase (ferrihydrite or
8-MnQO,, dry weight) to water, which was 0.0097 and
0.0040 g/L for adsorption on ferrihydrite and 3-MnO,,
respectively. The adoption of different solid—water ratios
between ferrihydrite and 6-MnO, systems was necessary
to obtain appropriate Ky values for the determination of
isotopic fractionation factors. 3-MnQO, exhibited much
higher affinity for REE than ferrihydrite, so that, the
REE concentrations remaining in the solution were lower
than the detection limit of our measurement in the o-
MnO, system.
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2.2. Adsorption and precipitation of Ce

A Ce(IIT)Cl; reagent (Wako, Japan) dissolved in ultra-
pure water was used to adsorb Ce on both ferrihydrite
and 6-MnO,. Various amounts of CeCl; solution were
placed in plastic bottles with 100 mg ferrihydrite or 30 mg
8-MnO, for the solid phase. In this experiment, the
amounts of the solid phase were fixed, whereas the Ce con-
centration was systematically changed to prepare samples
with different adsorbed or precipitated fractions (the ratio
of the adsorbed or precipitated Ce to the total Ce added
into the system). The adsorbed fraction was 1 if all the Ce
added into the system were adsorbed on the solid phase.
For the REE adsorption experiment, the pH was adjusted
to 5.00 £ 0.05 and the suspension was stirred for 6 h at
25°C. At the end of the experimental period, the liquid
phase was separated from the solid phase, as described in
Section 2.1.

The liquid samples were acidified with 2 wt% HNO; to
prevent Ce precipitation. Ferrihydrite was dissolved with
6 M HCI, and 6-MnO, was dissolved with 6 M HCI and
H,0,. Both minerals were then finally dissolved in 0.5 M
HCI solution, followed by the separation of Ce from Fe
or Mn by cation exchange column chemistry. For the elu-
tion of Fe, 2.0 M HCI solution was passed through a col-
umn (length: 10 cm, diameter: 1.0 cm) loaded with cation
exchange resin (Bio-Rad, AGS50W-X8), whereas 2.0 M
HNO; solution was used to elute Mn. Almost 100% (bet-
ter than 99%) Ce was recovered by the elution using
6.0 M HCI solution, indicating that no isotopic fraction-
ation occurred during the column chemistry. The Ce con-
centrations in both solid and liquid samples were
determined using an ICP-MS (Agilent 7700). Procedural
blanks in the experiments for Ce were checked using
ultrapure water, which was below the detection limit
(0.5 ng/kg).

Adsorption experiments under various elapsed times
were also performed to examine whether isotopic equilib-
rium was attained. In this experiment, the adsorbed fraction
was adjusted between 0.25 and 0.35 for the ferrihydrite sys-
tem, and adjusted to 0.90-0.99 for the 5-MnO, system. In
both systems, ionic strength was adjusted to 0.10 and
0.70M by NaCl solution and pH was adjusted to
5.00 4 0.05. The suspension was stirred for 24, 120, 168,
and 240 h. The procedure after the experiment was similar
to those previously described. In this experiment, Ce in the
liquid phase was separated from Na using the cation ex-
change column before the measurement. After the elution
of Na using 1.5 M HCI, more than 99% Ce was recovered
by 6.0 M HClL.

Spontaneous precipitation of Ce(IV) from the CeCl;
solution was induced at pH 5.00 £ 0.05 in an O, gas bub-
bling environment. The solutions were left for 1 week to
obtain Ce(IV) precipitates. The precipitate obtained was
recovered using a 0.2 um hydrophilic PTFE filter
(ADVANTEC). Various Ce concentrations in the initial
solution (from 0.5% to 2%) were tested to prepare the
Ce precipitates. The oxidation state of Ce in the precipi-
tates was determined by Ce Ljj-edge XANES (Section
2.4).

2.3. Isotopic analysis

Isotope ratios of Ce were determined at the Kochi
Institute for Core Sample Research, Japan Agency for
Marine-Earth Science and Technology (JAMSTEC) using
a double-focusing multiple collector (MC) ICP-MS
(Neptune, Thermo Fisher). The details of this instrument
were previously described (Weyer and Schwieters, 2003;
Wieser and Schwieters, 2005).

Ce has four stable isotope masses, namely, 136, 138, 140,
and 142, with isotopic abundances of 0.19%, 0.25%,
88.45%, and 11.11%, respectively. Among these isotope
masses, *°Ce and '*?Ce abundances were determined using
an MC-ICP-MS. '*°Ce and '*®Ce were not measured be-
cause their relative isotopic abundances are two orders of
magnitude lower than those of *°Ce and '*’Ce. The ana-
lyzed Ce solutions were diluted to concentrations of about
200 pug/L. During the measurements, the neodymium (Nd)
on mass 146 was also monitored to estimate the influence
of Nd, which can interfere with *>Ce. The signal of
M6Nd was negligible (<0.01% of the '**Ce signal) for all
samples and standard solutions, indicating that the isobaric
interference by '**Nd was negligible in this study. Further-
more, the ion signal of Ce as 1406190 was checked before
the isotopic analysis. The CeO/Ce ratio was adjusted in the
range of 5-8% (average: 6%) by decreasing the carrier gas
flow rate.

The measured isotope ratio of '**Ce/"*°Ce was corrected
using the samarium (Sm) doping technique in wet plasma
mode. Among the Sm stable isotopes (144, 147, 148, 149,
150, 152, and 154), the relative abundances of 47Sm and
1999m are similar at 14.99% and 13.82%, and do not inter-
fere with Ce isotopes. Therefore, these two Sm isotopes
were measured by adding a Sm standard solution (Wako,
Japan) diluted to about 200 pg/L to the Ce solutions just
before the Ce isotope analysis. No Sm signals were ob-
served for all the samples before the doping with the Sm
solution.

In the Sm doping technique, the observed *>Ce/!*°Ce
isotope ratios were corrected based on an exponential law
using the '"¥’Sm/'**Sm ratio of a reference Sm solution.
The relationship between the observed and normalized iso-
tope ratios of Ce and Sm is described by the following
equations:

(147 Sm/ 149Sm)

_ (142Ce/|40C3)0bs % (142A/140A)fCe (2)
_ (147Sm/149sm) . % (147A/149A)’/Sm

3)
fCe :me (4)

where /" and A are the mass discrimination correction factor
and the atomic masses of the Ce and Sm isotopes,
respectively.

The isotopes measured using MC-ICP-MS were "*°Ce,
1920ce 14Nd, ¥Sm, and '*°Sm. The CeCl; solution used
in the adsorption experiment was employed as a standard
solution that was analyzed every three or four samples.
The isotope ratios are expressed in standard delta notation
relative to the average standards, as shown in the following
equation:

norm
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(142C3/140C6)sample -1

e — 10°.
(12Ce/14Ce) o, g

32 Ce = (5)

The analytical uncertainty for the measurement was
0.064%, (20), which was calculated from repeated analysis
of the standard CeCl; solution (n = 26).

2.4. XAFS analysis

The Ce adsorption experiment was conducted again for
both 6-MnO, and ferrihydrite under the same conditions,
and the solid phases were filtrated using a 0.2 pm mixed cel-
lulose filter (ADVANTEC). Immediately after filtration,
the solid samples were packed into individual polyethylene
bags, and then frozen. The Ce Ly-edge (5.723 keV)
XANES was measured at BL-12C at the Photon Factory
(Tsukuba, Japan). The Ce Lyj;-edge XANES spectra, which
are sensitive to the covalent/ionic bond character and the
oxidation state, were measured for the adsorbed samples
in fluorescence mode using a 19-element germanium (Ge)
semiconductor detector. The spontaneous precipitation of
Ce and the three reference materials diluted by boron ni-
tride powder, namely, CeCl;, CeO,, and Ce(SO4), were
measured in transmission mode. The measurements were
conducted under ambient pressure and temperature. The
X-ray energy was calibrated with the first peak of CeO,
at 5.723 keV. The Ce K-edge (40.453 keV) EXAFS spectra
of the adsorbed samples and the standard materials,
namely, CeCl; and CeO,, were measured at BL-01B1 at
SPring-8 (Hyogo, Japan). The K-edge EXAFS spectra,
which provide quantitative information about the distance
to the neighboring atoms and the CN, were also measured
in fluorescence mode using a 19-element Ge semiconductor
detector. The energy was calibrated with the first peak of
CeO, at 40.453 keV. The repeated scans of XANES and
EXAFS yielded identical spectra to one another, indicating
that X-ray-induced redox change of Ce did not occur in our
experiments.

Both XANES and EXAFS spectra were analyzed using
the REX2000 software (Rigaku Co. Ltd.). The parameters
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generated by the FEFF 7.0 code (Zabinsky et al., 1995)
were used for the EXAFS analysis. After extracting the EX-
AFS oscillation and its Fourier transform, the inversely
Fourier-filtered data were analyzed using a standard
curve-fitting method. The theoretical phase shifts and
amplitude functions for the Ce-O, Ce-Ce, Ce-Fe, and
Ce-Mn pairs employed in this fitting procedure were ex-
tracted from FEFF 7.0 (Zabinsky et al., 1995). Finally,
the EXAFS spectrum in the whole k- and R- space ranges
employed in the procedure was compared with the mea-
sured EXAFS spectrum in k- and R- spaces to confirm
the good fitting of the measured to the simulated spectrum.
Multiple scattering was initially included in this study, but
was found to be a very weak contribution to the EXAFS
spectra. The error estimates of the interatomic distance
and CN obtained by the fitting were +0.02 A and +20%,
respectively (O’Day et al., 1994). The quality of the fit
was given by the goodness-of-fit parameter R, defined by

(E) = 1ea(B))
R = Z[Xobs( ) Xca;( )] (6)
Z[Zobs(E)]
where yops(E) and yc.(E) are the experimental and calcu-
lated absorption coefficients at a given energy (E),
respectively.

3. RESULTS
3.1. REE distribution patterns

The REE distribution patterns for the adsorption of
REEs on ferrihydrite and 3-MnO, are shown in Fig. 2A.
Both distribution patterns exhibited a convex M-type tetrad
effect and smaller logK4(Y) than the logKy(Ho) values.
These findings are consistent with a previous report by
Ohta and Kawabe (2001). In addition, both patterns
showed “apparent” positive Ce anomalies (Ce/Ce”™ > 1).
In this study, Ce/Ce” is defined as

Ce

Ce/Ce" = —— 7

/ vLa x Pr ™
1.4—_— ] ' .
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Fig. 2. (A) Distribution coefficient pattern of REEs between the liquid and solid phases. Ky is defined in the text (Eq. (1)). (B) Diagram to
define “true Ce anomaly”. Field I: neither Ce nor La anomaly; field Ila: positive La anomaly, no Ce anomaly; field 1Ib: negative La anomaly,
no Ce anomaly; field IIla: positive Ce anomaly; field I1Ib: negative Ce anomaly. The legend is the same as that of 2A.
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where the chemical symbol represents the log K4 value of
the element. However, according to the “true” Ce anomaly
defined by Bau and Dulski (1996), the distribution pattern
of REEs adsorbed on 6-MnO, shows a positive Ce anom-
aly, whereas that of REEs on ferrihydrite shows a negative
La anomaly (Fig. 2B). This result indicates that “apparent”
positive Ce anomaly was caused by the presence of the M-
type tetrad effect, and that Ce is not oxidized by Fe miner-
als, but is scavenged by Mn oxide through oxidation to
Ce(IV) from the liquid phase. The formation of Ce(IV)
was further supported by the XANES analysis, as will be
discussed later.

3.2. Isotopic fractionation of Ce between the solid and liquid
phases

First, the time dependence of the Ce isotopic data in the
liquid phase was examined for the Ce/ferrihydrite and Ce/
3-MnO, systems (Fig. 3). Although the 3'**Ce values for
the ferrihydrite system presented only a small fractionation,
the values for the 5-MnO, system were fractionated to po-
sitive values, indicating that the lighter "*°Ce isotope was
partitioned into the solid phase to a greater degree than
the heavier '*Ce. The variation of 5'**Ce values in the li-
quid phase was within the analytical uncertainty in this
experimental period, both for the ferrihydrite and -
MnO, systems, suggesting that isotopic equilibrium was at-
tained within 6 h. The degree of isotopic fractionation did
not vary with ionic strength.

The results of the isotopic fractionation of Ce during
adsorption and spontaneous precipitation are presented in
Table 1 and Fig. 4A (adsorption on ferrihydrite), B (spon-
taneous precipitation), and C (adsorption on 3-MnQ,), ver-
sus the fraction of total Ce adsorbed or precipitated. In
Fig. 4, model lines for the equilibrium isotopic fraction-
ation and the Rayleigh fractionation are shown as solid
and dashed lines, respectively. As a constraint on the model
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Fig. 3. Variation of 8'%*Ce values in the liquid phase during the
adsorption experiment at various elapsed times. Blue symbols: Ce/
8-MnO, system with adsorbed fraction of 0.90—0.99; red symbols:
Ce/ferrihydrite system with adsorbed fraction of 0.25—0.35 (only a
datum in 120 h, 0.70 M system was taken from the adsorbed
fraction of 0.40); square symbols: data from Table 1; closed circles:
ionic strength of 0.10 M; open circles: ionic strength of 0.70 M.
(For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Table 1
Isotope ratio and fractionation factor for Ce during adsorption and
precipitation.

System Fraction &%Ce 8'¥Ce OLg-So Average
(Lq) (So)

Cel 0.85 0.085 —0.073 1.000158
Sferrihydrite  0.73 0.051 —0.089 1.000140
0.60 0.045 —0.089 1.000134
0.44 0.035 —0.106 1.000141
0.29 0.021  —0.139 1.000159

0.18 —0.001 —0.138 1.000137 1.000145

+0.000022
Ce 0.12 0.045 —0.127 1.000173
precipitation  0.09 0.033 —0.169 1.000202
0.06 0.020 —0.183 1.000203

0.03 0.000 —0.207 1.000207 1.000196

+0.000031
Celd-MnO,  1.00 0417 —0.004 1.000421
0.86 0.350 —0.065 1.000416
0.74 0.264 —0.163 1.000427
0.63 0.248 —0.219 1.000467
0.46 0.116 —0.238 1.000355

0.32 0.106 —0.272 1.000378 1.000411

40.000079

Note that deviations are expressed in 2¢ values calculated from the
respective upq s, values.

lines, the 8'*Ce value for the solid phase should be 0%,
when the adsorbed or precipitated fraction is 1. By contrast,
if all the Ce remains in the liquid phase, the '**Ce value for
the liquid phase should not vary from that of the original
CeCl; solution. The mean oy g, value listed in Table 1
was used in calculating these model lines. In the table, the
isotopic fractionation factor « between the liquid and solid
phases was calculated as

10° + 38'2Cey,

— - 4 8
10° + §'42Ceg, ®

OLg-So =
In relation to the degree of isotopic fractionation between
the liquid and solid phases in the three systems, the mean
OLg-so value is largest when Ce is adsorbed on 6-MnO,.
For the spontaneous precipitation of Ce, although we could
achieve only a low precipitation fraction, the mean oy s,
value was slightly higher than that of the Ce/ferrihydrite
system.

3.3. XAFS spectra

The Ce Ljj-edge (5.723 keV) XANES spectra of both
Ce adsorbed on ferrihydrite and 8-MnO, measured at
BL-12C at the Photon Factory (Tsukuba, Japan), along
with results for certain reference materials, are shown in
Fig. 5. The Li-edge XANES spectrum of Ce precipitated
from the same CeCl; solution is also shown. The shapes
of the spectra revealed a clear distinction between trivalent
and tetravalent Ce, that is, Ce(III) presents one sharp peak
and Ce(IV) shows a two-humped peak. In addition, the
indicated energy of the peak tops for Ce(III) and Ce(IV)
differs. The results illustrate that Ce adsorbed on ferrihy-
drite was trivalent in our samples. By contrast, the two-
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Fig. 4. Isotopic fractionation of Ce during (A) adsorption on ferrihydrite, (B) spontaneous precipitation, and (C) adsorption on 8-MnQO,,
along with the adsorbed fraction in the system. Open squares represent the 5'“*Ce values of the liquid phase, and closed squares represent the
solid phase. The error bar indicates the analytical error calculated from repeated measurements of a standard solution. The solid lines
correspond to a model of equilibrium fractionation and the dashed lines to a Rayleigh fractionation.

humped peak of the Ce L;j-XANES spectrum of Ce(III)
adsorbed on 3-MnO, suggests that Ce was oxidized to the
tetravalent state. This result is consistent with expectations
based on the Eh—pH diagram (Fig. 1A).

Similar to the XANES spectra, the Ce K-edge EXAFS
spectra can be classified into two groups based on their
frequency patterns. The phase of EXAFS oscillation in
the k-space for the CeCl; solution and the Ce adsorbed
on ferrihydrite was shifted from the other three spectra,
that is, spontaneous precipitation of Ce, Ce adsorbed on
8-MnO,, and tetravalent CeO, reagent (Fig. 6A). The
amplitude of the oscillation for the CeO, spectrum in-
creased with the increase in k range. Difference among the
spectra was also observed in the R-space after Fourier
transformation (FT). The FT magnitude of the CeCl;
solution and Ce on ferrihydrite showed one peak, whereas
those of the spontaneous precipitation of Ce, Ce on
8-MnQO,, and CeO, showed two peaks (Fig. 6B). The
first (R+AR=1.75) and second (R+ AR =3.5) peaks
correspond to the first and second coordination spheres,

respectively. Oxygen is an element in the first coordination
for all spectra. The second coordination can reflect the shell
of Ce—Ce or Ce—Mn, indicating spontaneous precipitation
and CeO, or Ce adsorbed on 6-MnO,, respectively. The fit-
ting results for the Fourier transform spectra are listed in
Table 2. The bond length of Ce-O is approximately 2.52—
2.53 A for the CeCl; solution and the Ce/ferrihydrite
system, whereas it is approximately 2.30 A for the Ce pre-
cipitation, Ce/3-MnQO, system, and CeO, reagent. In the
Ce/3-MnO, system, a better-fitting result was obtained by
assuming a Ce—Ce shell instead of a Ce—Mn shell. This pro-
cess is discussed in Section 4.2.2.

4. DISCUSSION

4.1. Change in oxidation state during adsorption and
precipitation

Given that a “true” positive Ce anomaly was not ob-
served for the sample of Ce(IIl) adsorbed on ferrihydrite
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Fig. 5. Cerium Lj-edge XANES spectra of adsorption and
reference materials (Ce®" solution, CeO,, and Ce(S0Oy),). The
dashed line runs through the peak top of Ce(IlI).

(Fig. 2), it is suggested that Ce was not oxidized by Fe min-
erals. By contrast, a large positive Ce anomaly was observed
from the sample of Ce adsorbed on 3-MnQ,, suggesting that
Ce was scavenged oxidatively for the liquid phase by Mn
oxide (Fig. 2). Previously, this kind of REE pattern was used
as the basis of discussions on the valence of Ce. Although
the REE pattern can provide some indication as to whether
Ce is trivalent or tetravalent, XANES spectra can provide
the direct evidence on Ce oxidation state.

The Ce Ljj;-XANES spectrum clearly showed that the
Ce adsorbed on ferrihydrite is trivalent, at least on the time-
scale considered in this study (Fig. 5). An important point
from this result is that ferrihydrite does not oxidize Ce on
the timescale of this study, as expected based on the Eh—
pH diagram (Fig. 1A). This result is consistent with previ-
ous studies (De Carlo and McMurtry, 1992; Kawabe
et al., 1999; Takahashi et al., 2007). Compared with leach-
ing experiments (Bau and Koschinsky, 2009), the XANES
data can provide more direct evidence and from these data
it was clarified that oxidative scavenging of Ce does not oc-
cur by means of interaction with Fe minerals within the
time range employed in this study. By contrast, Ce ad-
sorbed on 6-MnO, was oxidized to a tetravalent state,
which is consistent with the expectations based on the
Eh-—pH diagram (Fig. 1A) and as suggested in other studies
(Takahashi et al., 2000, 2007; Ohta and Kawabe, 2001).
This outcome is also consistent with the results of the
REE adsorption experiment, which showed the positive
Ce anomaly (Fig. 2). In addition, the XANES spectrum
of the spontaneous precipitation of Ce also showed a
two-humped peak, suggesting that Ce was oxidized by the
bubbling of O, gas to a highly insoluble tetravalent state.

Although REE patterns and XANES spectra suggest
whether Ce is trivalent or tetravalent, as shown in Figs. 2

and 5, the timing of oxidation, that is, whether Ce is
oxidized during adsorption or in the water column be-
fore adsorption, cannot be clearly determined, which
may be related to the isotopic fractionation found in
our system. This issue is explored in the discussion in
Section 4.2.

4.2. Stable isotopic fractionation of Ce between the solid and
liquid phases

In this section, the isotopic fractionation based on
the local structural data of Ce by XAFS is discussed in
the framework of equilibrium isotopic fractionation. The
attainment of the isotopic equilibrium is suggested because
(i) the 8'*Ce values of the liquid phase with similar ad-
sorbed fraction did not show isotopic variation against
elapsed time (Fig. 3) and (ii) the isotopic fractionation of
Ce during the adsorption experiment and the formation
of spontaneous precipitate obeyed the model line of the
equilibrium isotopic fractionation (Fig. 4). Although a
study of natural ferromanganese nodules and crusts showed
that the magnitude of Ce anomaly was kinetically con-
trolled (Takahashi et al., 2007), the growth rate of natural
ferromanganese crust is very slow, irrespective of the for-
mation environments, compared with our experimental
study. Thus, the reaction in the natural sample can be re-
garded as a pseudoequilibrium adsorption reaction over a
short period, which can be treated by adsorption experi-
ments in the laboratory, as conducted in this study.

The main factors controlling the degree of equilibrium
isotopic fractionation are temperature, relative mass differ-
ence between isotopes (Bigeleisen and Mayer, 1947; O’Neil,
1986; Schauble, 2004). In addition, the heavier isotope pref-
erentially partitions into stronger bonding sites relative to
the weaker bonding site, including a higher oxidation state,
highly covalent bonds, shorter bond lengths, low-spin elec-
tronic configurations, and a lower CN (Bigeleisen and
Mayer, 1947; O’Neil, 1986; Schauble, 2004). Data for the
chemical state of Ce before and after the adsorption exper-
iment are necessary to clarify the reason for the Ce isotopic
fractionation. This issue is discussed, along the Ce K-edge
EXAFS spectra, below.

4.2.1. Coordination environment and isotopic fractionation:
Celferrihydrite and Ce precipitation systems

There are two main types of adsorbed species, namely,
outer-sphere and inner-sphere surface complexes. The for-
mer species is adsorbed as hydrated species without direct
bonding to the solid surface, whereas the latter shares oxy-
gen between the adsorbed species and adsorbent surface.
The absence of the second shell for the Ce/ferrihydrite sys-
tem (Fig. 6B) suggests that Ce mainly forms an outer-
sphere complex on the surface of ferrihydrite, which is in
contrast to the clear second shell peak found in the Ce/5-
MnO; system (Fig. 6B). Moreover, the interatomic distance
between Ce and first neighbor O, and the CN of the first
shell, for the Ce*" adsorbed on ferrihydrite are similar to
those for the Ce** aqua complex (Table 2). These results
show that the local coordination environment of Ce*" ad-
sorbed on ferrihydrite is similar to that of the Ce** aqua
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Table 2

Fitting results of Fourier transform spectra.

System Shell CN R (A) o’ (Az) R factor (%)
Ce** solution Ce-O 8.6 +1.3 2.521 +0.013 0.012 0.086
Ce/ferrihydrite (Ce/Fe = 0.0177) Ce-O 7.5 +1.3 2.526 +0.014 0.013 0.056
Precipitation Ce-O 8.4 +12 2.303 +0.014 0.015 6.3

Ce—Ce 4.7 +1.1 3.846 +0.010 0.0058
Ce/8-MnO, (Ce/Mn = 0.0199) Ce-O 6.5 +1.1 2.296 +0.019 0.019 9.5

Ce—Ce 24 +1.3 3.850 +0.024 0.0085
CeO, Ce-O 8.5 +1.2 2.335 +0.011 0.0094 47

Ce-Ce 6.6 +2.0 3.855 +0.012 0.0022

Note: CN denotes the coordination number, R (A) denotes the distance from the center atom, ¢: Debye—Waller factor, and the R factor (%) is

the quality of fit (see Eq. (6)).
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complex. By contrast, the local structure of Ce was changed
from the aqua complex in the Ce-precipitation and Ce/3-
MnO, systems. For the isotopes, the degree of isotopic frac-
tionation of Ce was the smallest for the ferrihydrite system
among the three systems, which can be attributed to the
similarity in local structure between the Ce adsorbed on fer-
rihydrite and the Ce aqua complex. Similar phenomena
have been found in other adsorption systems. For example,
molybdate forms an outer-sphere complex on ferrihydrite,
indicating that the local structure of Mo does not vary in
the system, and consistent with the small Mo isotopic frac-
tionation in the ferrihydrite system (Goldberg et al., 2009).
Therefore, the smallest isotopic fractionation for Ce in the
Ce/ferrihydrite system, among the three systems, can be ex-
plained within the framework of equilibrium isotopic frac-
tionation, that isotopic fractionation must be accompanied
with changes in the local structure of the ion during the
reaction (Bigeleisen and Mayer, 1947; O’Neil, 1986;
Schauble, 2004).

In the Ce-precipitation system, 8'**Ce becomes larger
for the Ce remaining in solution. The XANES spectra
showed that Ce in the spontaneous precipitation was oxi-
dized to Ce(IV), a higher oxidation state than Ce in Ce**
solution (Fig. 3). Therefore, the bond length of Ce-O is
shorter because of the increase in the charge, which is re-
flected in the EXAFS results for the Ce(IV) species (Table
2). Furthermore, in general, it is strongly expected that
CN decreases as the ionic radius decreases, although the de-
crease is not clear from our results due to the large analyt-
ical uncertainty in CN. These results indicate that the
factors controlling the isotopic fractionation of Ce cannot
be attributed to the stronger bonding of Ce—O in the Ce(1V)
precipitates or Ce(IV) (hydr)oxides relative to the aqua
complex. Therefore, the preferential retention of the heavier
isotope in the aqueous phase cannot be explained reason-
ably based on the structural data or on the rule of equilib-
rium isotopic fractionation, as discussed by Bigeleisen and
Mayer (1947). However, in a manner analogous to the case
for Ce, stable isotopic fractionation between aqueous
Fe(III) and precipitated Fe(III) showed that Fe precipita-
tion had a smaller 5°°Fe value than that of coexisting
Fe(III),q (Skulan et al., 2002; Balci et al., 2006), indicating
that lighter isotopes can be partitioned into the solid phase
when the precipitation occurs from aqueous solution. This
fractionation is qualitatively consistent with the isotopic
fractionation of Ce in the Ce-precipitation system.

4.2.2. Ce species incorporated into 5-MnQO,

The notable result obtained from the EXAFS spectra
signatures was that the spectrum of the Ce adsorbed on
8-MnO, was similar to that of spontaneous precipitation
of Ce (Fig. 6A). A study of natural ferromanganese crusts
showed that the XANES spectra of the samples do not
resemble Ce(OH), (Takahashi et al., 2007), which was also
observed in our XANES spectra. However, the EXAFS
spectrum of Ce/8-MnO, showed its similarity to that of
Ce(OH),. This difference could be caused by the high con-
centration of Ce in our experiment compared with that of
the real deep ocean, where the Ce concentration is several
pmol/kg. In addition, the Fourier transform magnitude of

the Ce adsorbed on 3-MnO, suggests that the interatomic
distance of the second shell is similar to that for spontane-
ous precipitation of Ce, namely Ce(OH); and CeO,
(Fig. 6B). These findings suggest that the atom indicated
in the second shell in the Ce/8-MnQO, system is not Mn
but Ce. Assuming that the second neighboring atom is
Mn, the interatomic distance between the center Ce and
Mn is estimated as 4.113 4+ 0.013 A based on the EXAFS
fitting; this value is even longer than the estimated values
for the Ce—Ce shell (Table 2). The ionic radius at CN =6
for Mn*" (=0.530 A; Shannon, 1976) is much smaller than
that for Ce*" (=0.870 A), also suggesting that the assign-
ment of Mn to the second shell is incorrect. Therefore, it
is reasonable to expect that the atom at the second neighbor
site in the Ce/3-MnO, system is also Ce, indicating that
Ce(IV) (hydr)oxide was formed at the surface of 6-MnQO,.

Although the EXAFS spectra in k-space showed similar-
ities between the Ce/8-MnO, system, Ce precipitation, and
CeO,, the relative intensity of the Ce—Ce peak at R+ AR =
3.8 A in the R space decreased in the order of CeO, > Ce
precipitation > Ce on 6-MnO, (Fig. 6B). In particular, the
peak for Ce on 8-MnO, was much smaller than those for
CeO, and Ce precipitation, as reflected in the CN of the
Ce—Ce shell: 2.4 for Ce on 3-MnO, compared with 6.6
and 4.7, respectively, for CeO, and Ce precipitation (Table
2; note that the difference of the CN becomes larger if we
assume the Debye-Waller factor for Ce—Ce is constant
for the three species). In this case, the lower CN of Ce in
the Ce/3-MnQO, system might be explained by the formation
of nanoparticles of Ce(IV) (hydr)oxide, which has a lower
CN value for the second neighboring Ce compared with
the Ce bulk in CeO,, as similarly observed in the K-edge
EXAFS results for the Cu nanoparticles (Manceau et al.,
2008). The smaller contributions of Ce-Ce shell in the
Ce/3-MnO, system compared to that of nanoparticles of
Ce(OH); in the k-space spectrum was also observed
(Fig. 6C). Thus, the present results show that nanoparticles
of Ce(IV) (hydr)oxide were formed in the Ce/3-MnO, sys-
tem. The Debye—Waller factor indicates that the degree of
disorder of the coordination environment of Ce increases
in the order of CeO, < Ce precipitation < Ce on 6-MnO,
(Table 2), which is also compatible with the suggestion that
Ce is present as nanoparticles of Ce(IV) (hydr)oxide on 8-
MHOZ.

In addition to the EXAFS results, the formation of
Ce(OH), nanoparticles is also reflected in the XANES spec-
tra of Ce in the Ce/3-MnO, and Ce precipitation systems.
The absorbance of Ce(IV) (hydr)oxide and CeO, is higher
at first maxima and the two spectra have a shoulder
(Fig. 5). These two features are attributed to many-body ef-
fects and to the covalent nature of the Ce-O-Ce bond
(Kaindl et al., 1988; Hu et al., 1994; Soldatov et al., 1994;
Takahashi et al., 2002, 2007). However, such shoulders
were not observed in the spectra of the Ce adsorbed on
the 8-MnO, and Ce(SOy), reagents because of the more io-
nic character of the Ce(IV)-O bond in these compounds
(Takahashi et al., 2002). Alternatively, the absorbance of
these two XANES spectra is higher at the second maxima
(Fig. 5). The smaller the particle becomes, the greater the
number of Ce—(OH), bond becomes, leading to a decrease



R. Nakada et al. / Geochimica et Cosmochimica Acta 103 (2013) 49-62 59

in the number of Ce-O-Ce bonds that represents more
covalent bonding (see Appendix Fig. A.1). An electronic
polarization occurs when Ce forms a Ce—-O-H bond, lead-
ing to a more ionic character. Therefore, the formation of
Ce(IV) (hydr)oxide nanoparticles is responsible for both
the EXAFS and XANES spectra.

The formation of nanoparticles probably occurred after
the adsorption on 3-MnO, for the following reasons: (i) in
the Co/8-MnQO, system, which behaves similarly to Ce in
terms of the oxidative adsorption on 3-MnQ,, the oxidation
of Co*" to Co*" occurred after the adsorption of Co*" on
8-MnO, (Manceau et al., 1997); and (ii) the EXAFS spec-
trum of Ce on 6-MnOQO, differs from that of Ce in the spon-
taneous precipitation system. Based on these facts, it is
suggested that Ce(III) is initially adsorbed on the 8-MnO,
surface and Ce(I1I) is oxidized to Ce(IV) by 8-MnO, after
the initial adsorption of Ce(III). The subsequent oxidation
after the adsorption results in the formation of nanoparti-
cles of Ce(IV) (hydr)oxide associated with 8-MnO,.

4.2.3. Coordination environment and isotopic fractionation:
Celd-MnO; system

The relationship between Ce isotopic fractionation and
Ce species in the Ce/3-MnQO, system is based on the Ce spe-
cies on 6-MnQO,. The linear isotopic fractionation line in
Fig. 4C shows that the system consisting of dissolved
Ce(III), dissolved Ce(IV), Ce(Ill) adsorbed on 3-MnO,,
and Ce(IV) nanoparticles on 6-MnQO, is at equilibrium. This
observation indicates that Ce(IV) in the aqueous phase is
also present and equilibrated with Ce(IV) nanoparticles in
the solid phase, although the main pathway for the forma-
tion of Ce(IV) nanoparticles is the oxidation of Ce(III) after
the adsorption of Ce(III) on 3-MnQO,, as suggested in the
Section 4.2.2.

Here, we focus on the isotopic fractionation between
aqueous Ce and Ce(OH), nanoparticles on 38-MnO,. Con-
sidering the very low solubility of Ce(IV), it is most likely
that Ce(IIl) is the main species dissolved in the aqueous
phase, whereas Ce(OH)4 nanoparticles are the main Ce spe-
cies in the solid phase. Thus, two fractionation pathways
have to be considered if we assume equilibrium isotopic
fractionation; that is, dissolved Ce(I1I) and Ce(OH), nano-
particles are in equilibrium with both Ce(IV) in the aqueous
phase and Ce(III) adsorbed on 3-MnO,, respectively. The
difference in the two pathways is the timing of the oxida-
tion, specifically, whether Ce is oxidized in the aqueous
phase or after the adsorption.

In the first pathway, the equilibrium isotopic fraction-
ation between dissolved Ce(III) to the Ce(IV) nanoparticles
on 5-MnO, through Ce(IV) in the aqueous phase (Dis-
solved Ce(IIl) <> Ce(OH)x in the solution «» Ce(OH),
nanoparticles on 3-MnQO,) is considered. Although it is dif-
ficult to predict the direction and degree of the equilibrium
fractionation between aqueous Ce(III) and Ce(IV) precipi-
tates theoretically, as suggested in Section 4.2.2, the results
obtained for the Ce-precipitation system showed that the
heavier isotope remains in the aqueous phase during the
precipitation (Fig. 4B). However, our results show a much
greater isotopic fractionation factor in the Ce/3-MnO, sys-
tem than in the Ce-precipitation system. Considering the

large difference in the isotopic fractionation between the
two systems, it is speculated that the formation of Ce(OH),
nanoparticles on 3-MnQ, is the main reason for the larger
isotopic fractionation in this system compared with the Ce-
precipitation system. In considering the nanoparticles, the
following points arise: (i) the coordination environment of
Ce at the surface of the Ce(OH)4 nanoparticles is different
from that of the larger Ce(OH), particles; and (ii) the
Ce(OH)4 nanoparticles have a much greater population of
Ce at the surface compared with larger particles. These dis-
torted structures of Ce in the nanoparticles might cause
greater isotopic fractionation, as suggested by previous
studies (Kashiwabara et al., 2011; Wasylenki et al., 2011).

In the second pathway, assuming the adsorbed Ce(III) as
the intermediate species, possible isotopic fractionation be-
tween dissolved Ce(III) and Ce(III) adsorbed on 3-MnO,
(Dissolved Ce(I1I) «> Ce(III) on 8-MnO, «> Ce(OH), nano-
particles on 8-MnO,) can be suggested based on equilibrium
isotopic fractionation during the adsorption reaction. Ohta
et al. (2009) reported local structures of La(IIl) and Pr(III)
adsorbed on a 6-MnO, surface, where the bond lengths of
La-O (=2.608 A) and Pr-O (=2.558 A) were larger than
the respective corresponding La-O (=2.551 A) and Pr-O
(=2.489 A) distances in their aqua complexes. It is highly
likely, therefore, that the Ce(III)-O bond length adsorbed
on 3-MnO, may be much greater than that of the Ce(III)
aqua complex. These suggestions appear reasonable in the
framework of equilibrium isotopic fractionation, as the re-
sults suggest that heavier Ce remains in the aqueous phase.
In addition, Ohta et al. (2009) reported the bond length of
REE-O in the REE/ferrihydrite system, stating that the
REE-O distance increased in the order of REE*" aqua com-
plex < REE/ferrihydrite system < REE/3-MnO, system.
The larger difference in distance can explain the greater iso-
topic fractionation in the REE/3-MnO- system compared
with the REE/ferrihydrite system. The isotopic fraction-
ation in the subsequent processes of Ce(IIl) oxidation on
the 5-MnOQO; surface and the formation of Ce(IV) nanoparti-
cles may be similar to that in the first case.

Therefore, it is reasonable to conclude that there is pref-
erential adsorption of lighter Ce onto the solid phase, if we
accept that (i) a heavier isotope remains in the aqueous
phase in the Ce-precipitation system and (ii) equilibrium
is attained in the Ce/3-MnO, system, as suggested by
Fig. 4C.

4.3. Application of XAFS and the Ce isotope ratio to
geochemical samples

Given that the Ce/3-MnO, system attains, at least
apparently, equilibrium isotopic fractionation, the two
reactions described in the Section 4.2.3 occur in the Ce/3-
MnO, system. It is strongly suggested that the initial reac-
tion proceeds via the adsorption of Ce(IIl) on the 5-MnO,
surface, followed by surface oxidation to Ce(IV). Final
equilibrium was achieved in the Ce/3-MnO, system. Oxida-
tion at the 6-MnQO, surface leads to the formation of
Ce(OH), nanoparticles on the surface. It was speculated
that the formation of nanoparticles is related to the degree
of isotopic fractionation in the Ce/3-MnO, system, which is
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significantly greater than that in the Ce-precipitation sys-
tem. Although the reason for the large isotopic fraction-
ation in the Ce/3-MnQO, system is not yet clear, the
difference in the isotopic fractionation in the three systems
(Ce spontaneous precipitation, Ce/ferrihydrite, and Ce/3-
MnO,) suggests that the Ce stable isotope may be used as
a new redox indicator.

Even with the recent development of XANES analysis,
the previous discussion on redox conditions has only re-
ferred to the Ce(III)/Ce(IV) boundary. Although the Ce
Lir-XANES spectra can show the mixing ratio of triva-
lency and tetravalency, which would be difficult to deter-
mine using only the size of the Ce anomaly, the situation
has not changed significantly. Identifying the formation
process of Ce(IV), that is, oxidative adsorption or oxidation
in the liquid phase followed by precipitation, would enable
more detailed discussion of the redox state. In this respect,
the stable isotope ratio of Ce can give definitive data.

The isotopic fractionation of §'**Ce between the liquid
and solid phases is the lowest in the case of adsorption on
ferrihydrite, which is not accompanied by the oxidation
of Ce and occurs above the Fe?'/Fe(OH); boundary, below
the Ce>/CeO, boundary in the Eh-pH diagrams (field (i)
in Fig. 1A). For spontaneous precipitation of Ce, the
31%2Ce fractionation is greater than for Ce adsorbed on fer-
rihydrite, whereas it is less than that for Ce incorporated
into 8-MnO,. This situation occurs above the Ce>*/CeO,
boundary and below the Mn*"/MnO, boundary, that is,
in the relatively oxidative condition (field (ii) in Fig. 1A).
Although the extent of 5'**Ce fractionation in these two
cases is within analytical uncertainty, the size of the Ce
anomaly and the XANES spectra data provide a clear dis-
tinction between adsorption without oxidation and sponta-
neous precipitation. The largest isotopic fractionation
between the liquid and solid phases is observed when Ce
is removed by 6-MnO, (field (iii) in Fig. 1A) via oxidative
adsorption, which cannot be distinguished clearly from
the spontaneous precipitation by the Ce anomaly and
XANES data alone.

Thus, the combination of the Ce anomaly (and Ce oxi-
dation state) and the stable isotope ratio of Ce may offer
a powerful tool in detecting a consecutive variation from
a reductive to an oxidative condition. This variation can
be seen in geochemical samples such as Precambrian BIFs
and carbonates, which may preserve redox information
on paleo seawater when the Earth was under (i) a reductive
condition, (ii) a moderately oxidative condition, or (iii) an
oxidative condition. In addition, this method can be used
to clarify the cause of the positive Ce anomaly seen in Ar-
chean BIFs (Kato et al., 2006), i.e. whether it is generated
under moderately oxidative conditions (field (ii) in
Fig. 1A) or oxidative conditions with the existence of Mn
oxides (field (iii) in Fig. 1A). This combination could be
especially useful for samples formed between 2.3 and
2.1 Ga. To date, the atmospheric O, level is believed to
be below 107> PAL (present atmospheric level) until
2.3 Ga because of the appearance of sulfur mass-indepen-
dent fractionation (Farquhar et al., 2000; Pavlov and Kast-
ing, 2002). The presence of a eukaryote recently discovered
in a 2.1 Ga black shale in Gabon (Albani et al., 2010) shows

that an O, level greater than 1% PAL existed at that time.
However, the lack of other evidence makes it difficult to dis-
cuss in detail the increase of atmospheric O, between these
two time points. The combination of the stable isotope ra-
tio and the Ce anomaly may enable a more precise estima-
tion of the redox state of the paleo-ocean environment and
the evolution of the atmosphere.

For example, if there is no Ce anomaly in Precambrian
BIFs, it is expected that isotopic fractionation of Ce be-
tween a BIF and carbonate is small, as seen in the Ce/fer-
rihydrite system. Furthermore, as described above, such a
condition is attained when the Eh—pH state is between the
Fe?t/Fe(OH); and the Ce*'/CeO, boundaries (field (i) in
Fig. 1A), which generally corresponds to euxinic marine
water. If a Ce anomaly is observed in a Precambrian BIF,
analysis of the stable isotope ratio of Ce allows further
investigation of whether the Ce(IV) is generated by sponta-
neous precipitation or by oxidative adsorption in the pres-
ence of a small amount of Mn oxide, which cannot be
distinguished using other methods. If the Ce isotopic frac-
tionation suggests that Mn oxide was present (but easily
disappears due to the subsequent diagenetic process), the
ocean at that time could be as oxic as it is today. It is there-
fore likely that the Ce isotope ratio will enable the determi-
nation of redox conditions more precisely than with a Ce
anomaly alone. Although our study ultimately aims to
use the Ce isotopic fractionation to understand the paleo-
redox condition, the experiments were performed under
low pH and high Ce concentration—conditions which are
different from natural seawater. Thus, further studies are
necessary more analogous to natural seawater conditions
as follows: (i) Ce species in the aqueous phase must include
dissolved complexes such as carbonate; (ii) experiments in
the Ce/3-MnO, system must be conducted at lower Ce con-
centration where the formation of Ce(OH)4 nanoparticles is
suppressed. However, the current study represents the first
step in elucidating more quantitative redox information
from Ce chemistry during adsorption reactions.

5. CONCLUSION

In this study, three data consisting of Ce—abundance,
stable isotope ratio, and chemical state—were provided
for the first time. The REE distribution coefficient pattern
combined with Ce Ljj;-edge XANES spectra suggested that
Ce is not oxidized by ferrihydrite, but is oxidatively scav-
enged by 6-MnQO,, as expected from the Eh—pH diagrams.
The degree of isotopic fractionation of Ce between the li-
quid and solid phases increases as the redox condition be-
comes more oxic in the following order of adsorption:
without oxidation, Ce(IV) precipitation, and oxidative
adsorption (incorporation). In particular, the latter two
processes were distinguished by the Ce stable isotope ratio,
and cannot be discerned using the Ce anomaly alone. The
difference between the two systems originated from the dif-
ferent Ce isotopes in the solid phase of a Ce(OH), precipi-
tate in the spontaneous Ce precipitation and Ce(OH),
nanoparticles in the Ce/3-MnQO, system. Although we have
to continue similar studies in systems more similar to the
natural marine environment (e.g., carbonate complex in
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the aqueous phase, lower Ce concentration, etc.), it is ex-
pected that applying Ce geochemistry to Precambrian BIFs
and carbonates in future research will lead to a better under-
standing of the paleo-redox state of the ancient oceans.
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Abstract

Many elements have become targets for studies of stable isotopic fractionation with the development of various analytical
techniques. Although several chemical factors that control the isotopic fractionation of heavy elements have been proposed, it
remains controversial which properties are most important for the isotopic fractionation of elements. In this study, the stable
isotopic fractionation of neodymium (Nd) and samarium (Sm) during adsorption on ferrihydrite and 3-MnO, was examined.
This examination was combined with speciation analyses of these ions adsorbed on the solid phases by extended X-ray
absorption fine structure (EXAFS) spectroscopy. Neodymium isotope ratios for Nd on ferrihydrite and 8-MnO, systems
were, on average, 0.166%,, and 0.410%,, heavier than those of the liquid phase, which correspond to mean isotopic fractionation
factors between the liquid and solid phases (o q_so) of Nd on ferrihydrite and 3-MnO, of 0.999834 (26 = £0.000048) and
0.999590 (20 = +0.000106), respectively. Similarly, averaged Sm isotope ratios on ferrihydrite and 3-MnO, were 0.2069,,
and 0.4249/, heavier than those of the liquid phase and the corresponding oy s, values were 0.999794 (£0.000041) and
0.999576 (4+0.000134), respectively. These results indicate that the directions of isotopic fractionation in the Nd and Sm sys-
tems are in contrast with that recently found for Ce(III) systems despite the similar chemical characteristics of rare earth
elements.

EXAFS analyses suggest that the bond length of the first coordination sphere (REE-O bond) of Nd and Sm adsorbed on
8-MnO, is shorter than that of their aqua ions, although this was not clear for the ferrihydrite systems. The shorter bond
length relative to the aqua ion is indicative of a stronger bond, suggesting that the equilibrium isotopic fractionation for
the Nd and Sm systems can be governed by bond strength as has often been discussed for isotopic fractionation in solid—-water
adsorption systems. Meanwhile, EXAFS analyses of the Ce/ferrihydrite system showed a distorted structure for the first coor-
dination sphere that was not observed for Ce*" aqua ions. Such distortion was also observed for La adsorption on ferrihydrite
and 6-MnO,. In addition, previous studies have suggested a high stability of the hydrated state for La and Ce in terms of
Gibbs free energy change. Thus, we suggest here that the difference in the stable isotopic fractionation for Ce (and predicted
for La) vs. Nd and Sm can be explained by (i) the shorter bond lengths of adsorbed relative to dissolved species for Nd and Sm
and (ii) the distorted structure of adsorbed Ce (and La) species and high stability of the aqua Ce ion.
© 2013 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The advent of multicollector-inductively coupled plas-
ma-mass spectrometry (MC-ICP-MS), has enabled the
study of the isotopic fractionation of heavy non-traditional
elements (i.e., those heavier than sulfur), leading to a robust
assessment of the behavior of elements such as silicon (Si)
(De La Rocha et al., 2000), calcium (Ca) (Gussone et al.,
2005), chromium (Cr) (Ellis et al., 2002; Frei et al., 2009),
iron (Fe) (Beard and Johnson, 2004; Icopini et al., 2004;
Johnson et al., 2004a), copper (Cu) (Maréchal et al.,
1999; Mason et al., 2005), zinc (Zn) (Maréchal et al.,
1999; Juillot et al., 2008; Moynier et al., 2009), selenium
(Se) (Johnson et al., 1999; Johnson and Bullen, 2004),
molybdenum (Mo) (Barling et al., 2001; Anbar, 2004; Bar-
ling and Anbar, 2004), antimony (Sb) (Rouxel et al., 2003),
and thallium (T1) (Rehkdmper et al., 2002, 2004; Nielsen
et al., 2009). Such work on the isotopic fractionation of
heavy elements has provided a better understanding of an-
cient Earth and biogeochemical cycles (e.g., Halliday et al.,
1998; Johnson et al., 2004b; Anbar and Rouxel, 2007), but
despite the increasing attention given to the isotopic frac-
tionation of heavy elements, the mechanisms controlling
isotopic fractionation for some elements have yet to be
clearly explained.

Elements that are present as cations in a solution, such
as Fe, Cu, and Zn, have been shown to exhibit enrichment
of the heavier isotopes on solid phases in adsorption exper-
iments (Cacaly et al., 2004; Icopini et al., 2004; Clayton
et al., 2005; Crosby et al., 2005; Pokrovsky et al., 2005;
which are summarized in Balistrieri et al., 2008), whereas
elements that form soluble oxyanions, such as germanium
(Ge), Se, Sb, and Mo are subject to adsorption of lighter
isotopes on Fe and/or Mn oxides (Johnson et al., 1999;
Galy et al., 2002; Barling and Anbar, 2004; Ellis et al.,
2004; Balistrieri et al., 2008; Tanimizu et al., 2011). Isotopic
fractionation is not observed during adsorption of hexava-
lent Cr on goethite and y-Al,O3 although Cr(VI) is dis-
solved as an oxyanion (Ellis et al., 2004). Major factors
that control equilibrium isotopic fractionation include tem-
perature, the relative mass difference between isotopes, and
the nature and strength of the bonding environment (Bigel-
eisen and Mayer, 1947; O’Neil, 1986; Schauble, 2004). The
degree of equilibrium isotopic fractionation usually de-
creases as the temperature increases, the factor of which
is roughly equal to 1/T? for most elements, whereas isotopic
fractionation is greater for lighter elements owing to the lar-
ger relative mass differences among their isotopes. At equi-
librium, the heavy isotope of an element is preferentially
concentrated in the component where the element forms a
stronger bond. The bond strength is greater for the species
that have (i) shorter bond lengths; (ii) higher oxidation
states; (iii) highly covalent bonds between atoms with sim-
ilar electronegativities; and (iv) lower coordination num-
bers (CNs) (Criss, 1999; Schauble, 2004). These rules
suggest that large equilibrium isotopic fractionations occur
at low temperatures between substances with highly varying
oxidation states, bond lengths, or CNs. Knowledge on
whether the adsorption occurs via inner-sphere complexa-
tion (ions have direct bond with the surface of a solid

phase) or outer-sphere complexation (ions do not have di-
rect bond but are attracted by electrostatic force to a solid
phase) can also be important for isotopic fractionation in
elements such as Fe and Mo (e.g., Barling and Anbar,
2004; Butler et al., 2005). Although several possible causes
of isotopic fractionation have been presented, the chemical
property that has the greatest influence on bond strength re-
mains unknown.

Nakada et al. (2013) recently showed that the stable iso-
topic fractionation of cerium (Ce) observed during adsorp-
tion on ferrihydrite and 3-MnO, cannot be explained by the
isotopic fractionation mechanisms described above. Under
their experimental conditions, Ce should be dissolved as a
free cation, specifically, the Ce®" aqua ion, which suggests
that the heavier isotope of Ce should be concentrated in
the solid phase according to the general observation of cat-
ion adsorption. In particular, Ce adsorption on 5-MnO,
was accompanied by the oxidation of Ce(IIl) to Ce(IV)
on the surface of the substrate, suggesting that the heavier
Ce isotope should be concentrated in 6-MnO, because both
the higher oxidation state and the resulting shorter bond
length indicate a stronger chemical bond compared with
the aqua Ce(III) ion in the liquid phase. However, it was
found that the lighter Ce isotope was preferentially distrib-
uted to both ferrihydrite and 3-MnO,, which is inconsistent
with the studies reported for cations (Balistrieri et al.,
2008). Nakada et al. (2013) explained this inconsistency
by postulating that (i) Ce adsorbed on ferrihydrite possibly
formed an outer-sphere complex and (ii) Ce adsorbed on 6-
MnO, showed a distortion by the formation of Ce(OH),
nanoparticles. Whether these interpretations are adequate
or not can be assessed by a comparison with the other
REEs.

The current study aims to compare the isotopic fraction-
ation data of Ce with neighboring rare earth elements
(REEs) and presents results for stable isotopic fractionation
of neodymium (Nd) and samarium (Sm) during adsorption
on ferrihydrite and 8-MnQO,. Unfortunately, since praseo-
dymium (Pr) is a monoisotopic element and promethium
(Pm) only has radionuclides, stable isotope ratios of these
elements cannot be measured. Although we also tried to
measure the isotope ratio of lanthanum (La), we do not in-
clude La isotopic data, because repeated measurements (32
times) of the LaCl; solution used in the adsorption experi-
ment showed an uncertainty of approximately 0.5%, (20),
which is better than that reported in the literature (Shen
et al., 1994) but larger than the Ce isotopic fractionation
observed during adsorption (Nakada et al., 2013). The rel-
ative mass difference of La isotopes ('*°La/ 138La) is about a
half to that of Ce (1*?Ce/'*°Ce). As such, the isotopic frac-
tionation of La during the adsorption is expected to be
smaller than that of Ce, suggesting that the isotopic frac-
tionation of La during adsorption cannot be precisely
measured.

In spite of these difficulties, a systematic analysis of REE
isotopic fractionation caused by adsorption on common
mineral phases can offer insights into the geochemical
behavior of REEs. For example, in seawater, REEs are ad-
sorbed on various types of suspended matter and solid
phases. It is noteworthy that Ce can behave differently than
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other trivalent REEs owing to its oxidation to Ce(IV). Cer-
ium is present in seawater at anomalously low concentra-
tions relative to those of neighboring REEs, La and Pr
(e.g., Elderfield and Greaves, 1982; Piepgras and Jacobsen,
1992; Moller et al., 1994), whereas Ce enrichment is ob-
served in ferromanganese nodules (e.g., Piper, 1974; Elder-
field et al., 1981; Bau et al., 1996). Although trivalent REEs
have similar chemical properties, they can show systematic
variations in their distributions to various natural samples
as a function of the atomic number due to the lanthanide
contraction (e.g., Henderson, 1984; Taylor and McLennan,
1988; Byrne and Sholkovitz, 1996). For instance, seawater
is characterized by relative enrichment of heavy REE
(HREE) compared with those in suspended particles due
to their larger stability of carbonate complexes caused by
the smaller ionic radii of HREE. Meanwhile, the high reac-
tivity of REEs results in the short residence times of REEs
in the ocean and low REE concentration in seawater (e.g.,
Elderfield and Greaves, 1982; Piepgras and Jacobsen, 1992;
Moller et al., 1994). These observations suggest that the iso-
topic fractionation mechanisms may show a systematic var-
iation among REEs due to the change in stabilities of
adsorbed species over the REE series.

In this study, Fe and Mn oxides were used as an adsorp-
tive medium, since marine ferromanganese deposits play a
role as a major sink for REEs (e.g., Piper, 1974; Elderfield
et al., 1981; Bau et al, 1996). K-edge extended X-ray
absorption fine structure (EXAFS) spectroscopy analyses
of these elements were conducted to determine their chem-
ical speciation including coordination number (CN) and
bond length for their adsorbed species, which were used
to interpret the isotopic fractionation data. EXAFS analy-
ses for La, Ce, and Pr were also included, though isotopic
data are not available for La and Pr. The pH condition
in this study was confined to the lower pH region
(pH = 5), where the aqua ion is stable for REEs, to focus
on the mass-dependent isotopic fractionation between the
aqua ion and the adsorbed species and to compare the data
with those reported for Ce in Nakada et al. (2013).

2. EXPERIMENTAL
2.1. Adsorption experiment

Synthetic ferrihydrite and 3-MnO, were used as adsorp-
tive media. The procedure for the preparation of the syn-
thetic ferrihydrite and 8-MnO, is detailed in Nakada
et al. (2013) and follows the scheme of Schwertmann and
Cornell (2000) for ferrihydrite and that of Foster et al.
(2003) for 6-MnO,. All experiments were performed in a
manner similar to that described in Nakada et al. (2013).
A LaCl;, NdCl;, or SmCl; reagent (purity of 99.9%; Wako,
Japan) dissolved in ultrapure water was used for the
adsorption experiments on ferrihydrite and 3-MnO,. Simi-
larly, an adsorption experiment for Pr on these minerals
was performed using a 99.5% PrCl; reagent (Wako, Japan).
For the adsorption experiments of Nd and Sm, 10 g of
varying concentration of their solutions were poured into
plastic bottles with 100 mg of ferrihydrite or 30 mg of
8-MnO, as the solid phase. In this experiment, both the

amounts of the solid phase and the volume of the liquid
phase were fixed, whereas the REE concentration in the
solutions were systematically varied to prepare samples
with different adsorbed fractions (the ratio of adsorbed
REEs to total REEs added into the system: F,4). In the case
of the adsorption experiment for EXAFS measurement,
about 10 g of solution containing 10 mg REE (Nd or Sm)
were poured into plastic bottles with 250 mg of ferrihydrite
or 100 mg of 6-MnO, as the solid phase.

The other experimental parameters, such as the pH and
the experimental period, were identical to those reported in
the study by Nakada et al. (2013). The pH was adjusted to
5.00 £ 0.05 with dilute NaOH and HCI solutions because
the REE*" aqua ion dominates the REE species in the li-
quid phase at pH = 5. Speciation calculations under the
experimental condition showed that more than 99.5% of
La, Ce(III), Pr, Nd, and Sm were dissolved as REE*" aqua
ions under our experimental condition. In the calculation,
the data for REE—carbonate complexation constants were
obtained from Luo and Byrne (2004), and the equilibrium
constants of the carbonate species were obtained from
Nordstrom et al. (1990). The suspension was stirred for
6 h at 25 °C at 130 rpm. At the end of the experiment, the
liquid phase was separated from the solid phase by filtra-
tion using a 0.2 um hydrophilic polytetrafluoroethylene fil-
ter (ADVANTEC).

2.2. Isotopic analysis

After the solid-water separation in the adsorption
experiments, the liquid samples were acidified to 0.3 M
HNO; to prevent the precipitation of REEs. The ferrihy-
drite was dissolved in 6 M HCI (ultrapure grade), while
the 3-MnO, was dissolved in 6 M HCI and H,0, (ultrapure
grade). Both mineral digests were finally diluted to 0.5 M
HCI, and the REEs were separated from Fe or Mn via col-
umn chemistry. For Fe elution, 15 g of 2.0 M HCI solution
was passed through a column (4 cm long; 1.0 cm diameter)
loaded with an AG 50W-X8 cation exchange resin (Bio-
Rad); for Mn elution, 20 g of 2.0 M HNO; solution was
used (elution curves are shown in Fig. EA1 in the Electronic
annex). The column chemistry had been checked prior to
the sample introduction using an ICP-MS (Agilent 7700)
with precision better than 1%. Almost 100% (more than
99%) of the REEs were recovered by elution using a
6.0 M HCI solution, ensuring the absence of isotopic frac-
tionation during the column chemistry. REE concentra-
tions in both solid and liquid samples were determined
with precision of 2% using an SPS3500 Series ICP-atomic
emission spectrometer (SII NanoTechnology, Inc.) to deter-
mine F,q4 and for the subsequent dilution prior to MC-ICP-
MS analyses. Procedural blanks in the adsorption experi-
ments (REE-free experiments), measured using ICP-MS,
indicated that the ferrihydrite and 8-MnO, contained less
than 10 pg of the REE, which corresponds to less than
0.01% of REE added in our experiments.

The isotope ratios of Nd and Sm were determined at the
Kochi Institute for Core Sample Research, Japan Agency
for Marine-Earth Science and Technology using a double-
focusing MC-ICP-MS (NEPTUNE, Thermo Fisher
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Scientific) previously described by Weyer and Schwieters
(2003) and Wieser and Schwieters (2005). Sample solutions
were introduced at 100 pL/min using a GE Micromist neb-
ulizer (Glass Expansion, Australia) in free aspiration mode
attached to a dual cyclonic/double Scott quartz glass spray
chamber. The measurements were performed in low-resolu-
tion mode using an X-type skimmer cone. The typical
operating conditions of the instrument are given in Table 1.
The measured isotope ratios were corrected by an element
doping technique. The doped element (Sm and Eu for Nd
and Sm isotope measurements, respectively) used has a sim-
ilar mass to the analyte and more than one stable isotope,
and was added to the sample solutions immediately before
MC-ICP-MS analysis. Through the element doping tech-
nique, the observed isotope ratios were corrected according
to an exponential law using the isotope ratio of the doped
solutions. The relationship between the observed and nor-
malized isotope ratios is described by

Ru-norm = Ru-obs X A{;dmlywa (1)
Jdope

Rd-norm = Rd-obs X Adi ? b (2)

fanalyte = fdopea (3)

where R, and R4 are the measured isotope ratios of the ana-
lyte and doping element, and f'and A4 are the mass discrim-
ination correction factor and the ratio of exact atomic
masses of the analyte or doping isotope, respectively. The
exact atomic masses were obtained from the IUPAC Tech-
nical Report by de Laeter et al. (2003). The REE chloride
solutions used in the adsorption experiment were employed
as the standard solution. The isotope ratios are expressed in
a standard delta notation relative to the average standards,
as described by

8('E)s = [(Rs/Rrm) — 1] x 10°, 4)

where Rs and Rgry are the isotope abundance ratios n(‘E)/
nE) in a sample (S: also corresponds to R, nom) and a

Table 1
Typical instrumental operation conditions.

27.12 MHz

RF frequencies

RF power 1.2 kW forward, <1 W reflection
Fassel-type torch Ar gas
flow rates
Nebulizer 1.14 L/min
Auxiliary 0.70 L/min
Cool 15.7 L/min
Nebulizer Glass Expansion Micromist

Dual synchronic/double Scott glass
chamber (ambient temperature)
100 pL/min (free aspiration)

Spray chamber

Sample uptake

Cones X-type skimmer cone

Ion energy 10,000 V

Extraction 2000 V

Pressures during

operation

ESA 1.0-1.5 x 107> Pa (9 x 10~° Pa during
standby)

Analyzer 4-9 x 1077 Pa (4 x 1077 Pa during

standby)

standard solution used in the adsorption experiment,
respectively. The E represents the elements (Nd or Sm)
and superscripts i and j denote heavy and light isotopes
of the element, respectively.

A possible mass spectrometric interference in wet plas-
ma mode is the REE-hydride, which can affect isotope ratio
of another element, for example, 14SmH on '*°Nd, **NdH
on "Sm, and "®NdH on "*Sm. To reduce the variation in
the hydride formation, the ratio between measuring and
doping elements was fixed through the measurement. The
contribution of hydride was estimated using 1000 pg/L
Nd and Sm solutions. The NdH/Nd ratio estimated from
the ion signal intensity at the mass number 151 as
150N dH/'*°Nd, was about 3 x 107¢. Similarly, '**SmH/
134Sm was measured as approximately 3 x 107, Although
the ONdH/"*Nd and '**SmH/!**Sm ratios can be affected
by contamination from '“'Eu and '>’Gd, respectively,
measured the 151/150 and 155/154 ratios of 3 x 107, were
small enough to ignore. The ion signals of Nd as '**Nd'°O
and Sm as #’Sm'®0 were also checked before each isotopic
analysis. The NdO/Nd and SmO/Sm ratios were adjusted
to 1% on average by tuning the carrier gas flow rate.

The interferences generated by Sm impurities in Nd and
Eu impurities in Sm (on Nd and Sm isotopic measurements,
respectively) were also estimated before the addition of
doping elements. We examined the contribution of
16NdH and '*’Sm by measuring the ion signal intensity
at the mass number 147 when introducing a 1000 pug/L
Nd solution. The measured (4*NdH + ¥’Sm)/"**Nd ratio
was slightly higher than the "*°NdH/!**Nd ratio owing to
the contribution of "’Sm. Similarly, the intensity at the
mass number 151 was measured when a 1000 pg/L Sm solu-
tion was introduced and the contribution of '>'Eu was esti-
mated from the ("°SmH + ""'Eu)/'*Sm ratio by
comparisonwith the *SmH/!**Sm ratio. The estimated
amounts of Sm and Eu were less than 0.01% of Nd and
Sm in each solution. Thus, the interferences from neighbor-
ing REE were negligible. In the following, the isotope mea-
surement of each element is described in detail.

For the Nd isotopic analyses, 3Nd, ' Nd, and '*Nd
were measured simultaneously with the doping element
isotopes '¥’Sm and '*Sm using the MC-ICP-MS. Sam-
ples and Nd standard solutions were diluted to about
200 pg/L, which corresponds to a '’Nd signal of about
1.3 V. In contrast, the standard Sm solution (Wako, Ja-
pan) serving as a doping element was diluted to 100 pg/
L, which provided a '¥’Sm signal of about 2 V. The Nd
isotope ratios are expressed as 3'*’Nd and §'**Nd when
the isotope ratios of '**Nd/'**Nd and '**Nd/"**Nd corre-
spond to R in Eq. (4). The determination of both §'*°Nd
and §'*°Nd allows us to assess the accuracy of the mea-
surement. In the natural environment, both mass-depen-
dent and mass-independent (including nuclear-volume)
isotopic fractionations occur. The mass-dependent isotope
effect is due to differences in atomic weight, which implies
that relative isotopic fractionations can be calculated for
elements that have more than three stable isotopes. The
relative isotopic fractionation assuming an equilibrium is
calculated as
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[1/(143 4 143)] — [1/(143 + 145)]

— )
[1/(143 4 143)] — [1/(143 + 146)]
where 143, 145, and 146 correspond to exact atomic masses

of each Nd isotope. Therefore, mass-dependent fraction-
ation of the two Nd isotope ratios is expected to follow

8" Nd = 0.669 x 5'**Nd. (6)

6145Nd/8146Nd _

The analytical uncertainties in the measurement of the
3'Nd and 8'*°Nd value were 0.048%, and 0.069%, (20),
respectively, as calculated from repeated analyses of the
standard NdCl; solution (7 = 14). In addition, Nd isotope
measurements were performed twice by preparing one sam-
ple with a similar F,4 to confirm the quality of the experi-
ment, and the results were the same within the analytical
uncertainty.

For the Sm isotope measurements, 147Sm, °Sm, and
1529m were measured simultaneously alongside the doping
element isotopes '*'Eu and '**Eu. The ion signals of
147Sm and '*'Eu were about 1.4 and 3 V, respectively, using
Sm and Eu standard (Wako, Japan) solutions that were
respectively diluted to about 100 and 50 pg/L. During the
measurement, °Gd was also monitored to estimate the
influence of '2Gd, which can interfere with '*>Sm. The
156Gd signal was negligible (<0.001% of the '4’Sm signal)
for all samples and standard solutions, which indicates that
isobaric interferences by '**Gd were negligible in this study.
Similar to the case for Nd isotope ratios, two independent
Sm isotope ratio can be determined, 3'*’Sm and 3'*Sm,
when R in Eq. (4) is '**Sm/"*’Sm and '*2Sm/'#"Sm, respec-
tively. Here, it is expected that

3'Sm = 0.404 x §'2Sm. (7)

The analytical reproducibility for the measurements of
the 5'¥Sm and §'%°Sm value were 0.038%, and 0.069%,
(20), respectively, as calculated from repeated analyses of
the SmCl; standard solution (n = 8).

2.3. EXAFS analysis

Immediately after filtration, solid samples were packed
into individual polyethylene bags and frozen. Lanthanum,
Pr, Nd, and Sm K-edge EXAFS spectra, which provide
quantitative information on neighboring atom distances
and the CN, were measured at BL-01B1 of SPring-8 (Hyo-
go, Japan). For light REEs, such as La, Pr, Nd, and Sm,
analysis of the K-edge EXAFS is more suitable than that
of the L-edge EXAFS because (i) the L-edge for a lighter
REE is subject to interferences by multi-electron excitation
and (ii) the energy range applicable to EXAFS analysis is
short because of the close energy gap between the Lip
and Ly edges. Furthermore, measurement of the Lyj-edge
EXAFS spectra of Sm in fluorescence mode is severely af-
fected by the Mn K-line in the Sm/8-MnQ, system. Thus,
we employed K-edge EXAFS analysis to obtain informa-
tion on the local coordination environment of La, Pr, Nd,
and Sm adsorbed on ferrihydrite and 6-MnQO,. Prior to
the measurement of samples, the monochromator was cali-
brated to the first inflection point for each element using the
following standard compounds (diluted with boron nitride):

LaCl; (38.938keV), PrCl; (41.999keV), Nd,O;
(43.578 keV), and SmCl; (46.856 keV). The K-edge EXAFS
spectra of standard materials and chloride solutions used in
the adsorption experiments were measured in transmission
mode, whereas adsorbed samples were measured in fluores-
cence mode using a 19-element Ge semiconductor detector.
Each sample was scanned several times to obtain the spec-
tra with better statistics. Repeated EXAFS scans were iden-
tical, showing that any X-ray-induced alteration of the
samples was unlikely in our experiments.

The EXAFS spectra were analyzed using REX2000 soft-
ware (Rigaku Co. Ltd.) with parameters generated by the
FEFF 7.0 code (Zabinsky et al., 1995). In addition to La,
Pr, Nd, and Sm measured in this study, the EXAFS of
the Ce** and Ce/ferrihydrite system measured by Nakada
et al. (2013) was reanalyzed here. After extracting the EX-
AFS oscillations and its Fourier transform, the inversely
Fourier-filtered data were analyzed using a standard
curve-fitting method. The theoretical phase shifts and
amplitude functions for the REE-O, REE-REE, REE-
Fe, and REE-Mn shells employed in this fitting procedure
were extracted from FEFF 7.0 (Zabinsky et al., 1995). In
the fitting process, the threshold energy shifts of the first
and second shells were constrained to be the same. Finally,
the processed EXAFS spectra in the whole k- and R-space
ranges employed in the fitting procedure were compared
with the measured EXAFS spectra in k- and R-space to
confirm that the fits developed for the processed spectra
also provided good matches to the measured spectra. The
uncertainty estimates for the interatomic distance and CN
obtained from the fitting were +0.02 A and +£20%, respec-
tively (O’Day et al., 1994). The quality of the fit was given
by the goodness-of-fit parameter R (R-factor), defined as

R = Z [Xobs(k) - Xcal(k)}z
Z [Xobs(k)]z

where yops(k) and yc.(k) are the experimental and calcu-
lated absorption coefficients at a given k, respectively. The
multiple-scattering effect was initially included in the EX-
AFS analyses in this study, but was found to make a very
weak contribution to the EXAFS spectra.

(®)

3. RESULTS
3.1. Isotopic fractionation

Table 2 lists the Nd isotope ratios expressed as delta
notation of both solid and liquid samples after the adsorp-
tion experiments. The table gives both 5'**Nd and §"*°Nd,
along with the initial weight in the adsorption experiment
and adsorbed fraction (F,q). The 3'%Nd and 8'*°*Nd values
of the solid phase have positive values except for a datum
with the highest F,4, whereas all the values of the liquid
phase are negative. This means that the heavier Nd isotopes
were enriched in the solid phase, resulting in the liquid
phase becoming enriched in lighter Nd isotopes. All the
data fall on a straight line in a plot of §'*°Nd vs. 3'*°Nd
as expected from the theoretical calculation of Eq. (6) (solid
line, Fig. EA2 in the Electronic annex), indicating that the
measurements were performed well and no mass-indepen-
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Table 2
Isotope ratio and fractionation factor for Nd and Sm during adsorption.
System Initial (mg)* Fad® 31 (Lq)° 31 (So)* 82 (Lq)° 82 (So)° och,s(,d Average
Nd/ferrihydrite 0.05 0.86 —0.113 0.088 —0.156 0.147 0.999799

0.30 0.68 —0.079 0.102 —0.107 0.179 0.999819

1.00 0.32 —0.037 0.112 —0.030 0.181 0.999851

2.01 0.16 —0.029 0.126 —0.032 0.197 0.999845

3.21 0.08 —0.012 0.132 —0.028 0.207 0.999855 0.999834 + 0.000048
Nd/3-MnO, 5.22 1.00 —0.466 0.001 —0.690 —0.001 0.999533

6.27 0.91 —0.395 0.064 —0.588 0.105 0.999541

7.51 0.77 —0.320 0.089 —0.477 0.140 0.999590

8.69 0.69 —0.250 0.112 —0.367 0.190 0.999638

10.2 0.57 —0.207 0.145 —0.298 0.231 0.999647 0.999590 + 0.000106

Sm/ferrihydrite 0.32 0.62 —0.103 0.123 —0.227 0.326 0.999774

0.64 0.49 —0.092 0.135 —0.233 0.324 0.999773

1.07 0.34 —0.061 0.143 —0.165 0.327 0.999796

1.89 0.22 —0.036 0.157 —0.088 0.391 0.999806

3.04 0.10 —0.018 0.162 —0.044 0.393 0.999820 0.999794 + 0.000041
Sm/8-MnO, 5.44 1.00 —0.479 0.005 —1.195 0.005 0.999516

6.74 0.89 —0.407 0.083 —0.999 0.155 0.999510

8.12 0.76 —0.305 0.115 —0.740 0.275 0.999580

9.34 0.66 —0.244 0.151 —0.615 0.345 0.999606

10.9 0.57 —0.186 0.143 —0.471 0.363 0.999671 0.999576 £+ 0.000134

a

 F,q means the ratio of adsorbed fraction of REE to initial REE.

Initial (mg) denotes initial amount of Nd and Sm in the adsorption experiments added into a 10 g of ultra-pure water.

© 31 and 32 correspond to (i) 8"*°Nd or 8'*Sm and (ii) 3"**Nd or 3'°*Sm values, respectively.
9 The definition of a is given by Egs. (9) and (10) for Nd and Sm systems, respectively.

dent fractionation was observed. Given that the §'4°Nd and
5'4Nd values have a clear correlation, only the 5'%Nd data
are discussed further. Fig. 1 shows the isotopic fraction-
ation of Nd during the adsorption experiment, along with
F,q (Fig. 1A: adsorption on ferrihydrite; Fig. 1B: adsorp-
tion on 3-MnQ,). In the figure, the model lines for the equi-
librium and Rayleigh fractionations are shown as solid and
dashed lines, respectively (Fig. 1). In calculating these mod-
el lines, the mean oy 4 g,, Which is the isotopic fractionation
factor between the liquid and solid phases (Table 2), was
calculated as

10° + 8" Ndy,

— - 4 9
10° + 8" Nds, ©)

OLg-So =

The uncertainty in the mean a4 g, (Table 2) is the devi-
ation (20) of five oy s, values measured at various F,q. The
figure shows that both experimental systems are in accord
with the line of equilibrium isotopic fractionation.

Table 2 also lists 8'4°Sm and 8'*2Sm of solid and liquid
samples along with the initial concentration and F,4. Simi-
lar to the case for Nd, heavier and lighter Sm isotopes were
enriched in the solid and liquid phases, respectively. The
clear correlation observed between 5'%Sm and §'%2Sm
(Fig. EA3) indicates that mass-independent fractionation
was not observed, and as such only 5!%°Sm is discussed fur-
ther. Fig. 1C and D show the isotopic fractionation of Sm
during the adsorption experiment along with F,q4 (Fig. 1C:
adsorption on ferrihydrite; Fig. 1D: adsorption on &-
MnO,) and the model lines for the equilibrium and Ray-
leigh fractionations. As in the case of the Nd system, the
mean o q s, is calculated as

10* 4 5'Smy,
10° + 8'*Smyg,

Similar to the case for the Nd system, the uncertainty in
the mean o s, (Table 2) is the deviation (20) of five oy s,
values measured at various F,q. The figure shows that the
Sm system also follows the line of equilibrium isotopic
fractionation.

(10)

OLg-So =

3.2. EXAFS

In presenting EXAFS results, we include the results for
La and Pr adsorbed on ferrihydrite and 6-MnO, and Ce on
ferrihydrite for comparison. The La K-edge EXAFS spec-
tra and radial structural function (RSF) obtained from
the Fourier transform of the spectra are shown in Fig. 2.
The dashed lines show the fitting result, from which we ob-
tained the EXAFS parameters listed in Table 3. Assuming
an oxygen atom in the first shell, the La—O bond lengths
are approximately 2.56, 2.55, and 2.53 A for the La>" solu-
tion, La on ferrihydrite, and La on 6-MnQO, systems,
respectively (Table 3). However, as observed in the broader
RSF of the La—O shell for La on ferrihydrite and 6-MnO,
compared with La*" solution, the La—O shell actually con-
sists of two La—O shells. The pronounced dip at k =6.5
(Afl) not only requires a La—Fe/Mn shell but also the neg-
ative amplitude of the La—O; and La-O, shell to obtain a
better fit (Fig. 2A). The existence of two inner O shells
for La was also suggested by Ohta et al. (2009). The La-
O bond length is 2.56 A for the La*" solution, which is
longer than the La-O; bonds of the La/ferrihydrite
(2.45 A) and the 5-MnO, systems (2.46 A). The presence
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Fig. 1. Isotope ratios of the liquid and solid phases and adsorbed fractions (F,q) obtained during adsorption experiments in the following
systems: (A) Nd on ferrihydrite, (B) Nd on 3-MnO,, (C) Sm on ferrihydrite, (D) Sm on 8-MnO,. Open squares represent the 8'**Nd and
5'“Sm values of the liquid phase, and closed squares represent the solid phase. The error bar indicates the analytical uncertainty calculated
from repeated measurements of a standard solution. Solid lines correspond to a model of equilibrium fractionation, while dashed lines

correspond to Rayleigh fractionation.

of shorter bonds between La and the O atoms of the min-
eral surfaces is reasonable considering that the total CN
(= CN; + CN,) of the adsorbed species is smaller than
the CN for hydrated La**.

The results of the re-examination of Ce K-edge EXAFS
spectra and the RSF of the Ce*' solution and Ce/ferrihy-
drite system are presented in Table 3 and Fig. 3. For com-
parison, the previous analysis assuming only one oxygen
shell is also presented. The k-space EXAFS spectra show
that a better fit was obtained when assuming two oxygen
shells located at different distances (Fig. 3A), similar to that
found for La. In the previous examination of the Ce/fer-
rihydrite system, the R factor (Eq. (8)) was 0.056% deter-
mined from the fitting in the range of R+ AR=147-
2.42 A which covered the first shell only (Nakada et al.,
2013). Although the R factor itself was worse in the current
analysis, the factor was determined in the range of
R+ AR=1.00-4.00 A. The comparison in the k-space
spectra clearly showed the improvement in the new fitting
(Fig. 3A).

The Pr K-edge EXAFS spectra and their Fourier trans-
form magnitudes also suggest two shells of oxygen atoms
located at different distances; that is, distortion in the first
coordination sphere (Table 3; Fig. 4). Similar to the case
for the La and Ce/ferrihydrite systems, the Pr-O; bond of
the adsorbed species was shorter than for Pr** in solution.
The CN value of REE-O is correlated with the bond length
(Shannon, 1976), which is consistent with the low CN value
for the Pr/8-MnO> system (CN; + CN, = 7.6 £ 1.3) com-
pared with that of the aqua complex (CN = 10.4 + 1.6).

In contrast with the La, Ce(IIl), and Pr systems, distor-
tions were not observed in the first coordination sphere of
Nd adsorbed on ferrihydrite or 3-MnO, (Table 3; Fig. 5).
In the 3-MnO, system, the CN of the first coordination
sphere is smaller than that of Nd** solution beyond analyt-
ical uncertainty, whereas the CN is identical within the ana-
lytical uncertainty for the ferrihydrite system. The Nd-O
bond length is about 2.49, 2.48, and 2.46 A for the Nd**
solution, Nd adsorbed on ferrihydrite, and Nd adsorbed
on 6-MnO, systems, respectively.
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Fig. 2. (A) K3-weighted La K-edge EXAFS spectra of samples and reference material (La*" solution). The contributions of each shell are
shown for La/ferrihydrite and 8-MnO, systems. (B) Radial structure functions (RSFs) of the samples and reference material (La*" solution).
In both figures, the solid lines represent the measurement data, and the dashed lines represent the fitting results.

Distorted coordination spheres were also not observed
for the Sm systems (Table 3; Fig. 6). The Sm-O bond
lengths in the ferrihydrite system and the Sm** solution
are essentially identical (2.45 A), whereas the Sm-O bond
length in the 3-MnO, system is 2.41 A, which is smaller
than that of the aqua complex beyond the range of analyt-
ical uncertainty.

We also examined a possible formation of a distorted
first coordination sphere for Nd and Sm (Table 3). Smaller
R values were obtained by assuming two oxygen shells at
different distances, however, in contrast with the La and
Pr systems, the CN values for these systems differed by
more than a factor of four (CN(REE-O,)/CN(REE-
0,) > 4.5). The large differences between the two CNs sug-
gest that the assumption of a distorted structure with two
REE-O shells was not required to accurately fit the Nd
and Sm EXAFS.

4. DISCUSSION
4.1. Isotopic fractionation between the liquid and solid phases

Similar to the case of Ce in Nakada et al. (2013), the iso-
topic fractionation for the Nd and Sm systems obeyed equi-
librium fractionation. As for the degree of isotopic
fractionation, adsorption in the ferrihydrite system showed
less fractionation than that in the 8-MnQO, system for Ce,
Nd, and Sm. The most important result obtained in the
Nd and Sm measurements was the preferential partitioning
of heavier isotopes into the solid phases (Table 2, Fig. 1).
This isotopic fractionation trend was different from that
of Ce where it was reported that (i) Ce was not oxidized
during adsorption on ferrihydrite, whereas Ce adsorbed
on 3-MnO, was oxidized to the tetravalent state, and (ii)
lighter isotope enrichment of the solid phase for Ce(III)/
ferrihydrite may be accompanied with formation of an

outer-sphere complex. Although Schauble (2007) suggested
the possible enrichment of lighter Ce isotopes in reduced
species during the Ce*" — Ce*" reaction may be due to nu-
clear-volume isotope fractionation, the Ce/ferrihydrite sys-
tem was unaffected here by the oxidation reaction. A
nuclear-volume driven effect was also reported for Nd
and Sm (Fujii et al., 1998, 2000), but the current study
shows that the 8'*Nd vs. 8'*Nd and §8'*Sm vs. 8'%°Sm
correlations are in accord with a purely mass-dependent
isotope effect (Figs. EA2 and EA3), meaning that nuclear-
volume driven fractionation was negligible in the
experiments.

Fig. 7 summarizes oy q s, for the ferrihydrite and -
MnO; systems with Ce, Nd, and Sm. The general trend pre-
viously observed for cations in the literature, such as Fe?*,
Cu?", and Zn>", suggests that heavier isotopes should be
distributed in the solid phase during adsorption of REE3"
on metal oxides (e.g., Cacaly et al., 2004; Icopini et al.,
2004; Clayton et al., 2005; Crosby et al., 2005; Pokrovsky
et al., 2005; Balistrieri et al., 2008). Thus, it was found that
Nd and Sm systems follow the expected trend but Ce does
not. This isotopic fractionation contrasted with the Nd and
Sm systems, indicating that a systematic change in a phys-
icochemical factor among REEs (especially between Ce and
Nd) is responsible for the different fractionations observed
during the adsorption reactions. Even though REEs have
similar chemical properties in a trivalent state, the direction
of the isotopic fractionation can differ among light REEs
(LREEs).

4.2. Coordination environment and isotopic fractionation

The most important rule governing stable isotopic frac-
tionation is that the heavy isotopes of an element are con-
centrated in species with stronger bonds when two species
with different bond lengths are in equilibrium (Bigeleisen
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Table 3
Fitting results of EXAFS spectra for La, Ce, Pr, Nd, and Sm.
System Shell CN R(A) o (A? R (%)
La*" solution La-O 125+1.9 2.555+0.012 0.011 0.57°
La/ferrihydrite® La-O 83+0.8 2.551 £ 0.019 0.010° 8.93¢

La—Fe 3.940.5 3.513 +0.027 0.010° 10.1¢
La/ferrihydriteb La-O, 3.54+0.7 2.453 +0.020 0.0107

La-0, 43408 2.548 + 0.026 0.010° 0.68°

La-Fe 35+1.1 3.524 +0.030 0.010" 2.26¢
La/8-MnO," La-O 59+0.5 2.527+0.016 0.009° 12.0°

La-Mn 3.0+0.8 3.506 +0.019 0.010° 15.7¢
La/8-MnO,° La-O, 41407 2.459 +0.023 0.009°

La-0, 2.7+0.8 2.568 & 0.021 0.009" 1.01°

La-Mn 3.0+ 1.0 3.528 +0.019 0.010° 4.25¢
Ce** solution” Ce-O 8.6+ 1.3 2.521 £0.013 0.012 0.09°
Ce" solution Ce-O 11.5+ 0.9 2.535+0.017 0.010 0.10°
Ce/ferrihydrite’ Ce-O 75413 2.526 +0.014 0.013 0.06°
Ce/ferrihydrite Ce-0O, 47406 2418 +0.022 0.011

Ce-0, 53+0.7 2.535+0.025 0.010° 1.57°

Ce-Fe 0.84+0.3 3.531 +0.062 0.013 3.96¢
Pr** solution Pr-O 104+ 1.6 2.500 =+ 0.013 0.009 0.55¢
Pr/ferrihydrite® Pr-O 84+1.5 2472 £0.013 0.010" 10.4°

Pr-Fe 1.14+0.5 3.497 + 0.028 0.010 13.3¢
Pr/ferrihydrite” Pr-O,; 4440.5 2.353 4+ 0.027 0.010°

Pr-0, 55+0.5 2.499 -+ 0.024 0.010° 2.23¢

Pr-Fe 0.9+1.0 3.479 £ 0.047 0.009 6.16°
Pr/3-MnO,* Pr-O 6.8+0.5 2431 +0.012 0.010° 2.61¢

Pr-Mn 20406 3.404 + 0.059 0.010° 6.42¢
Pr/8-MnO,° Pr-O, 37406 2.381+£0.018 0.010"

Pr-0, 39408 2.481 -+ 0.049 0.010 1.71¢

Pr-Mn 0.74+0.5 3.407 £ 0.053 0.010" 4.40¢
Nd** solution Nd-O 100+ 1.5 2.487 +0.012 0.010 0.36°
Nd/ferrihydrite® Nd-O 65+1.1 2.484 +0.013 0.011 1.75°

Nd-Fe 134+04 3.342 + 0.064 0.010° 2.96¢
Nd/ferrihydrite” Nd-0, 0.8+0.4 2.279 4+ 0.043 0.010°

Nd-0, 71+0.6 2.494 + 0.007 0.010° 1.00°

Nd-Fe 14406 3.356 £ 0.024 0.010° 4.06"
Nd/8-MnO-* Nd-O 57+0.9 2.458 +0.012 0.010 7.99¢

Nd-Mn 1.0+04 3.359 + 0.068 0.010° 11.8¢
Nd/38-MnO,° Nd-O, 1.1+0.3 2211 +0.022 0.010"

Nd-0, 5.0+0.5 2.490 =+ 0.007 0.010° 1.16°

Nd-Mn 0.9+0.6 3.420 + 0.041 0.010" 6.18¢
Sm*" solution Sm-O 106 +1.5 2.445+0.011 0.009 0.79°
Sm/ferrihydrite* Sm-O 5.14+0.8 2.447 +£0.014 0.011 1.81°¢

Sm-Fe 03+04 3.337 £ 0.049 0.010 3.11¢
Sm/ferrihydrite” Sm-0, 0.1+1.2 2.264 4+ 0.043 0.010°

Sm-0, 54+1.1 2.456 + 0.024 0.010" 0.80°

Sm-Fe 0.1+0.9 3.352 £+ 0.067 0.010° 2.264
Sm/8-MnO," Sm-O 6.9+1.0 2413 +£0.014 0.014 6.64°

Sm-Mn 1.0+ 1.4 3.349 +0.036 0.010° 8.80¢
Sm/8-MnO," Sm-O; 0.1+0.2 2.143 £ 0.074 0.010"

Sm-0, 47404 2.418 -+ 0.007 0.010 3.92¢

Sm-Mn 2.6+0.6 3.373 £0.015 0.010" 5.55¢

Note: CN denotes the coordination number; R (A) denotes the distance from the center atom; ¢ is the Debye—Waller factor; R (%) is quality of
fit (see Eq. (8)).

# Fitting results assuming one oxygen shell.

® Fitting results assuming two oxygen shells.

° Fitting from 1.00 to 2.50 A in R -+ AR space.

4 Fitting from 1.00 to 4.00 Ain R+ AR space.

® Fitting from 1.42 to 2.43 A in R+ AR space.

f Fitting results reported in Nakada et al. (2013).
 The parameter was fixed in the EXAFS fitting.
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Fig. 4. (A) K>3-weighted Pr K-edge EXAFS spectra with the contributions of each shell and (B) RSF of the samples and reference material
(Pr** solution). The solid and dashed lines represent the measurement data and fitting results, respectively.

and Mayer, 1947; O’Neil, 1986; Criss, 1999; Schauble,
2004). Considering that the REEs have similar chemical
characteristics, the factors that control equilibrium isotopic
fractionation may be considered similar among all trivalent
REEs. The REEs examined in this study are in a trivalent
state (except for Ce on 3-MnQ,), which indicates that isoto-
pic fractionation is not caused by a redox change. In our re-
sults (Table 3), the CNs of REEs adsorbed on 3-MnO, were
smaller than the CNs of the REE aqua ions, which is con-
sistent with a shorter REE-O bond length in the REE/S-
MnO, system. The EXAFS spectra obtained for the Sm
systems did not show large oscillations, which makes it

difficult to discuss whether Sm forms an inner-sphere or
outer-sphere complex. In the case of the Nd systems, in-
ner-sphere complexes formed for both Nd adsorbed on fer-
rihydrite and 8-MnO, (Fig. 5), though the Nd/3-MnO,
system showed larger isotopic fractionation than the Nd/
ferrihydrite system. Although it was not clear for the fer-
rihydrite systems, the smaller CN observed for the 8-
MnO, systems and related shorter bond length was re-
flected in an increase in the ratio of inner-sphere to outer-
sphere complexes. The increase of this ratio is consistent
with the larger isotopic fractionation observed in the
8-MnO, systems. However, the precise determination of
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the CN, which is highly correlated with the Debye—Waller
factor, was difficult in the EXAFS analyses, thus impeding
discussion of the equilibrium isotopic fractionation of
REEs based on the CN alone.

Hereafter, we focus on the interatomic distances of the
REE-O bonds summarized in Fig. 8A. It should be noted
that the interatomic distances for adsorbed La, Ce, and
Pr are shown as weighted mean values based on CN; and
CN,, values. For the REE*" aqua ions and ferrihydrite sys-
tems, the interatomic distance decreased as the atomic num-
ber increased, due to the lanthanide contraction. The
lanthanide contraction was also observed for the 6-MnQO,
system except for Ce, which was oxidized to Ce(IV) during

adsorption on 3-MnQO,. In Fig. 8B, the REE-O interatomic
distances for the ferrihydrite and 6-MnO, systems are nor-
malized to those of the REE*" aqua ions. If this ratio is less
than 1, the REE-O bond length has shortened due to
adsorption of the REE on the Fe or Mn oxide surface. In
the ferrihydrite system, the REE-O interatomic distances
were almost identical (within analytical uncertainty) to
those of the REE*" aqua ions for Nd and Sm. In the -
MnO, system, however, the REE-O distances were shorter
than for the REE®" solutions beyond analytical uncer-
tainty. The shorter bond length indicates that REEs have
stronger REE-O bonds during adsorption onto 6-MnO,,
thereby favoring the preferential enrichment of heavy iso-
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topes in the solid phase for these elements, as was observed
for Nd and Sm in our isotopic measurements (Table 2,
Figs. 1 and 7). Therefore, we propose that the interatomic
distance between the REEs and the first coordinated atom
(oxygen) is the main factor that affects the equilibrium iso-
topic fractionation of Nd and Sm. The larger isotopic frac-
tionation observed for the 8-MnO, system compared with
the ferrihydrite system is likely due to the shorter REE-O
bond lengths of REE adsorbed on 3-MnO,.

In the case of La, EXAFS analysis showed two oxygen
shells in the first coordination sphere for both the ferrihy-
drite and 8-MnO, systems (Table 3, Fig. 2). A better fit
was obtained by assuming two oxygen atoms at different
distances in the first coordination sphere, suggesting that
the coordination structure is more distorted than that of
the La*" aqua ion. The distorted structures of adsorbed
La and Pr species found in this study and by Ohta et al.
(2009) imply that the distortion is also expected to be

>
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observed in the first coordination sphere of the Ce/ferrihy-
drite system, as identified in this study. The enrichment of
lighter isotopes (by ca. 0.159,,) in adsorbed Ce species can
be related to the distorted structure of Ce on ferrihydrite.
Although we were unable to resolve La isotope composi-
tions at the required level of precision, the distortion seen
in the first coordination sphere of the La/ferrihydrite and
La/3-MnO, systems suggests that a light isotope enrich-
ment is to be expected for La in the solid phase.

Isotopic fractionation caused by a distorted adsorbed
structure has also been reported for other elements. The
formation of highly distorted bidendate complexes is
thought to explain the light isotopic composition of ad-
sorbed trigonal boron (Lemarchand et al., 2007). Juillot
et al. (2008) found a smaller fractionation for octahedral
Zn adsorbed to goethite relative to the free Zn>" ion hy-
drated by six water molecules. They suggested that the dis-
tortion of the octahedral environment of Zn when sharing
oxygens with Fe atoms may account for the small fraction-
ation on goethite. A similar case was also reported for Mo
systems (Kashiwabara et al., 2011; Wasylenki et al., 2011).
These results are consistent with our observations for the
isotopic fractionation of Ce.

Not only the species adsorbed on the solid phase but
also the stability in the liquid phase can cause the contrast-
ing stable isotopic fractionation. Kawabe (1999) compared
the standard Gibbs free energy changes of the nonahydrat-
ed REE relative to isostructural REE(H,0)s>" species of
REE*" from La*" to Gd>*. The Gibbs free energy changes
were reported to be —7.16, —5.27, —4.09, —3.02, —0.67,
—0.17, and —0.06 kJ/mol for La®*", Ce*, Pr’", Nd*',
Sm**, Eu*", and Gd*", respectively. These results indicate
that the hydrated state is extraordinarily stable in terms of
both Gibbs free energy and enthalpy for La*" and Ce*"
compared to Nd>" and Sm**, which reflects stabilization
by the formation of stronger chemical bonds in the com-
pounds. This effect is suggested to be responsible for the
much lower Ky, partition coefficient of REE between solid
and liquid phases, of La®>* and Ce®" adsorption on ferrihy-
drite and 8-MnO, compared with heavier REE*" (Kawabe
et al., 1999; Ohta and Kawabe, 2000). In other words, the
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Fig. 8. (A) Summary of interatomic distances between REE-O bonds. Data for the Ce/3-MnO, system are cited from Nakada et al. (2013).
The interatomic distances of La/ferrihydrite, La/3-MnO,, Ce/ferrihydrite, Pr/ferrihydrite, and Pr/3-MnO, are shown as weighted mean
values. (B) REE-O bond lengths of adsorption systems (ferrihydrite and m8-MnO,) normalized to the bond length of the REE*" aqua ion
using the data shown in Fig. 8A. A ratio smaller than 1 indicates shortening of the bond length relative to the aqua ion.
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lower stability of the adsorbed species is due to the higher
stability of the hydrated species in the aqueous phase.
The new results, which include a comparison among REEs,
suggest that the factors governing the lighter isotope enrich-
ment of Ce (and possibly La) on the solid phase are (i) the
distorted structure of La*", Ce*", and Pr*" adsorbed on the
solid phases; and (ii) the higher stability of the hydrated
species. We suggest that these anomalies for La and Ce in
terms of thermodynamic and structural characteristics af-
fect not only Ky but also the isotopic fractionation incurred
during adsorption.

4.3. Geochemical implications

The results of this study suggest that REE partitioning
between solid and aqueous phases can cause contrasting
stable isotopic fractionation for Ce(III) vs. Nd and Sm.
The contrasting fractionation of Ce vs. Nd and Sm may
not be seen in other reactions such as magmatic processes
without solid—water interactions, because the fractionation
should occur with the change of coordination environment
of the REE such as in an adsorption reaction. Adsorption
reactions are important in the geochemical behavior of
REEs at the Earth’s surface, since REEs are readily ad-
sorbed on various types of suspended matter and solid
phases in rivers and seawater. In particular, our findings
on the contrasting fractionation between Ce vs. Nd and
Sm isotopes during adsorption on ferrihydrite and o-
MnO, can improve our understanding of REE behavior
when considering that ferromanganese deposits are the ma-
jor sink for REEs in the marine environment (e.g., Piper,
1974; Elderfield et al., 1981; Bau et al., 1996). In addition,
the stable hydrated states of Ce®" (and La®") can explain
the preferential adsorption of lighter isotopes on the solid
phase. Hence, the difference in the direction of the isotopic
fractionations among LREEs is a new indicator of water—
rock interactions inherent in the formation of natural
REE-bearing samples.

However, the isotopic fractionation factor obtained in
this study may be subject to change when a similar experi-
ment is performed at higher pH depending on the domi-
nance of different soluble species such as REE carbonate
complexes. In addition, the possible occurrence of nucle-
ar-volume isotope fractionation cannot be ignored in the
natural environment. For example, according to Bigeleisen
and Mayer (1947), mass dependent isotopic fractionation of
Tl should be about 1/15th to that of Fe. In contrast,
Rehkdmper et al. (2002) showed approximately 29, frac-
tionation for Tl isotopes between seawater and hydrogenet-
ic Fe-Mn crusts. Thus, while the work presented here
improves our knowledge of the processes behind systematic
isotopic fractionation of selected REEs during adsorption
on two common mineral phases, further work is required
to elucidate the dominant mechanisms governing isotopic
fraction of heavy elements in the natural environment.

5. CONCLUSIONS

Adsorption experiments with Nd and Sm on ferrihydrite
and 8-MnO, were performed in this study to determine the

factors governing equilibrium isotopic fractionation among
REEs. Heavier isotopes of Nd and Sm were found to be en-
riched in the solid phase. EXAFS analyses showed that
shortening of REE-O bonds during adsorption was the
governing factor responsible for equilibrium isotopic frac-
tionation of Nd and Sm. In contrast, the coordination
structures of adsorbed La, Ce, and Pr were more distorted
than those of their aqua ions. This comparison among the
REEs enables us to improve our understanding of the cause
of such stable isotopic fractionation. The distorted ad-
sorbed structure and the stability of hydrated species leads
to lighter-isotope enrichment in the solid phase for Ce (and
is also expected for La) adsorbed on ferrihydrite. In-depth
analysis of the coordination environment, revealed by EX-
AFS analyses, was important to determining the mecha-
nisms behind equilibrium isotopic fractionation. It is
possible that the systematic isotopic fractionation over the
REE series could be a new geochemical tool which can be
used to study REE behavior during water-rock interaction
in natural systems.
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Methane and CO, emissions from the two most active mud volcanoes in central Japan, Murono and
Kamou (Tokamachi City, Niigata Basin), were measured in from both craters or vents (macro-seepage)
and invisible exhalation from the soil (mini- and microseepage). Molecular and isotopic compositions
of the released gases were also determined. Gas is thermogenic (5'>Ccyq from —32.9%0 to —36.2%o), likely
associated with oil, and enrichments of 'C in CO, (6'3Cco, up to +28.3%.) and propane (5'3Ccspg up to
—8.6%0) suggest subsurface petroleum biodegradation. Gas source and post-genetic alteration processes
did not change from 2004 to 2010. Methane flux ranged within the orders of magnitude of 10'-
10*gm~2d~! in macro-seeps, and up to 446 gm~2d~! from diffuse seepage. Positive CH, fluxes from
dry soil were widespread throughout the investigated areas. Total CH4 emission from Murono and Kamou
were estimated to be at least 20 and 3.7 ton a~!, respectively, of which more than half was from invisible
seepage surrounding the mud volcano vents. At the macro-seeps, CO, fluxes were directly proportional to
CH4 fluxes, and the volumetric ratios between CH,4 flux and CO, flux were similar to the compositional
CH,4/CO, volume ratio. Macro-seep flux data, in addition to those of other 13 mud volcanoes, supported
the hypothesis that molecular fractionation (increase of the “Bernard ratio” C;/(C; + C3)) is inversely pro-
portional to gas migration fluxes. The CH, “emission factor” (total measured output divided by investi-
gated seepage area) was similar to that derived in other mud volcanoes of the same size and activity.
The updated global “emission-factor” data-set, now including 27 mud volcanoes from different countries,
suggests that previous estimates of global CH; emission from mud volcanoes may be significantly
underestimated.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Mud volcanoes in sedimentary basins are surface manifesta-
tions of underground pressurised fluids (gas and water) that may
be linked to petroleum accumulations (oil and gas), even of com-
mercial importance (e.g., Rhakmanov, 1987; Deville et al., 2003;
Milkov, 2005; Etiope et al., 2009a). Mud volcanoes also represent
a natural atmospheric source of CH4, which is a powerful green-
house gas (Dimitrov, 2003; Etiope and Milkov, 2004; Etiope
et al., 2008). Gas origin has been assessed for many onshore and
offshore mud volcanoes worldwide (e.g., Deville et al., 2003; Etiope
et al.,, 2004a; 2007b; Yang et al., 2004; Stadnitskaia et al. 2008;
Kikvadze et al,, 2010; Sun et al., 2010). A global data-set of more
than 140 onshore mud volcanoes from 12 countries shows that
in 76% of cases gas is thermogenic, 20% mixed and only 4% micro-

* Corresponding author. Tel.: +39 0651860394.
E-mail address: etiope@ingv.it (G. Etiope).

0883-2927/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.apgeochem.2010.12.008

bial (Etiope et al., 2009a). This means that mud volcanism is gener-
ally associated with deep source rocks and hydrocarbons which
have entered the catagenetic and oil window (temperatures typi-
cally above 60 °C; Hunt, 1996). Mud volcano gases can also exhibit
signals of petroleum biodegradation, which is an important alter-
ation process with major economic consequences for oil and gas
production (Aitken et al., 2004; Pallasser, 2000). Gas associated
with petroleum biodegradation processes has a typical fingerprint
characterised by high C,/C; (ethane/propane), '3C enrichment in
propane (CsHg), due to preferential degradation of Cs, and '3C
enrichment in CO, (positive §'3>Cco, value) due to secondary meth-
anogenesis which follows anaerobic biodegradation of heavy
hydrocarbons (e.g., Pallasser, 2000; Etiope et al., 2009b). Recogniz-
ing these signals in mud volcanoes, or in other types of gas seeps,
in frontier or unexplored areas, would, therefore, reveal the under-
ground reservoir conditions without drilling.

The amount of gas released to the atmosphere, however, has
been thoroughly measured only in a limited number of mud
volcanoes: in Romania (Etiope et al., 2004a; Spulber et al., 2010),
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Azerbaijan (Etiope et al., 2004b; Kopf et al., 2009), Italy (Etiope
et al., 2007b) and Taiwan (Yang et al., 2004; Chang et al., 2010;
Chao et al,, 2010). Flux measurements are generally based on
closed-chamber methods and various techniques for determining
the gas output from bubble plumes (e.g., flux-meters, inverted bot-
tles). Only very approximate and indirect estimates are available
for gas outputs during eruptions (e.g., Guliyev and Feizullayev,
1997). The CH, fluxes are typically expressed in mgm—2d~! (in
analogy with other natural CH, sources or sinks), and in kg d™!
or tona~! for individual gas vents (point sources). The total gas
emission from a mud volcano would then be the sum of all point
sources (vents) plus the total output from diffuse seepage. The to-
tal emission divided by the seepage area gives the “emission fac-
tor”: it is the key parameter typically used to extrapolate gas
emissions from natural or anthropogenic sources on regional or
global scale, e.g., for emission inventories of agricultural or natural
ecosystems, as recommended by the air pollutant emission guide-
book of the European Environment Agency (EMEP-EEA, 2009; Eti-
ope et al.,, 2007a). For mud volcanoes, emission factors seem to
range in the order of 10-10° tonkm2a~! (Etiope and Milkov,
2004; Etiope et al., 2008). Such a range, disaggregated for different
sizes of mud volcanoes, was used to derive a global estimate of CHy
emission of about 6-9 Mta~! (Etiope and Milkov, 2004). Differ-
ently from previous estimates (e.g., Dimitrov, 2003), this evalua-
tion was the first based on direct flux measurements including
the diffuse exhalation of gas around the mud volcano vents. Since
the first flux surveys performed by closed-chamber method (Etiope
et al., 2002) it was evident, in fact, that CH, is released to the atmo-
sphere not only from the visible manifestations (=macro-seepage:
craters, gryphons, bubbling pools), but also through a diffuse,
invisible but widespread seepage from the ground (mud or soil),

N 4
= 6*@ < >
#/ Shosenji mud, .
i volcano ﬁ '

/L

volcano

- Tkm

Kamou mud .

even at large distances (orders of tens of meters) from vents: such
a seepage can be referred to as “miniseepage” and “microseepage”
(Spulber et al., 2010). The three levels of seepage can be defined as
follows:

(a) Macro-seepage: Localized gas flux from the vents of a gas or
gas-oil seep (from bubbles in a pool, or high degassing from
the ground, often flammable, focused in a small area); CH4
flux is in the order of 10°-10° mgm 2d ! or, in terms of
output, may range from 1072 to 10° tona~! from individual
vents (e.g., Etiope, 2009); macro-seeps can have strong odors
and induce abnormal snowmelt patterns.

(b) Miniseepage: Pervasive, medium-high gas flux (typically hun-
dreds to thousands of mgm~2d~!), generally surrounding
the macro-seeps but it can also be independent of seep occur-
rence; it can stress vegetation and flood the soil with gas.

(c) Microseepage: Pervasive, low CH, fluxes from soil (typically
units up to hundreds of mgm2d~!) more distant from
seeps or independent of seep occurrence; it can induce the
production in the soil of secondary carbonate from oxidizing
CH,4, secondary mineralization and abnormal methanotroph-
ic bacterial activity (R. Klusman, pers. comm.).

A wide literature shows that mud volcanoes always include all
the three levels of seepage (e.g., Etiope et al., 2002; 2004a,b;
2007b; Hong and Yang, 2007; Spulber et al., 2010). In many cases,
the CH, flux integrated throughout the large miniseepage and
microseepage areas produces a total output that is comparable
and often higher than that from macro-seepage (e.g., Etiope et
al.,, 2004a,b; 2007b). The knowledge of the spatial extent and
intensity of the diffuse seepage is therefore fundamental to refine
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(Late Pliocene)
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Fig. 1. Geologic map of the Murono and Kamou mud volcano area in the Niigata Basin, Japan (after Mizobe, 2007).
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the “emission factors” data-set and derive improved global CHy
emission estimates.

This paper contributes to this aim providing the results of a
detailed gas flux investigation, coupled with a study of gas compo-
sitional and isotopic features, from the two main mud volcanoes in
central Japan: Murono and Kamou, located near Tokamachi town,
in the onshore Niigata petroliferous basin. These mud volcanoes
have been the subject of several investigations on the origin of
gas and erupted material (Mizobe, 2007; Kato et al., 2009), and
on the geometry and size of the underground mud volcano system
(Suzuki et al., 2009; Ishihara and Tanaka, 2009), but gas fluxes have
never been measured. Methane and CO, flux data from macro-
seepage and diffuse seepage acquired in May 2010 by the closed-
chamber method are presented. Gas was also sampled and
analysed for complete compositional and stable C (6'3Ccpa,
513Cc2]-[5, 513CC3H8v 513Cc02) and H (5Dc]-[4) iSOtOpiC analysis. The
following items are thus examined and discussed in this work:

1. Origin, and temporal variability of compositional and isotopic
properties of the released gas, including enrichments of §'3C

in CO, and C3Hg, as signals of subsurface petroleum biodegrada-
tion: the data has been compared with those acquired in 2004,
2005 and 2006 (Mizobe, 2007; Kato et al., 2009), and the first
data on 6Dcy4 not determined previously, has been provided;
this allows a more precise assessment of CH, origin (Schoell,
1983).

. Spatial distribution of CH4 and CO, flux from macro-seeps and

soil, in order to assess the actual area affected by gas seepage,
the total emission of gas into the atmosphere, and the “emis-
sion factor”. Comparing CH4/CO, flux ratio with the original
CH,4/CO, compositional ratio provided a verification of the cor-
rectness of CH4 and CO, flux values measured by two indepen-
dent sensors.

. Verification of the effect of gas flux in determining molecular

fractionation (increase of the “Bernard ratio” C;/(C; + C3) due
to slow gas migration); macro-flux vs. C;/(C, + C3) data of Mur-
ono and Kamou are compared with those of other 13 mud vol-
canoes from Italy, Romania and Taiwan.

. Updating a global “emission-factor” data set and re-evaluation

of the global estimate of CH4 emission from mud volcanoes.

Fig. 2. Murono mud volcano; two mud craters (above) and two satellite vents on asphalt cracks (below). See Fig. 4 for location of the vents. Photographs on the left also show

the closed-chamber system with CH4 and CO, sensors in the red case.
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2. Geologic setting and description of the mud volcanoes

The study area is located in the Tertiary sedimentary basin in
Niigata Prefecture, within the back-arc region of Central Japan

Fig. 3. Kamou mud craters. Their location in shown in Fig. 5.

(Fig. 1). Niigata Basin is part of the wider Green Tuff belt of Honshu
and is one of the most important petroleum (oil and gas) producing
areas of Japan. The Green Tuff formation is associated with the
opening of the Japan Sea, which occurred in the Early Miocene
and was accompanied by large-scale volcanic activity. Commercial
oil and gas accumulations are hosted in clastic and volcanic reser-
voirs, tuffaceous mudstones and rhyolite, while Miocene siliceous
mudstones seem to be the main source rocks, with predominant
Type II kerogen (Waseda and Iwano, 2008; Kato et al., 2009;
Tomaru et al., 2009). Sodium-Cl-type geopressured fossil forma-
tion waters, related to the hydrocarbon reservoirs, are the source
of numerous hot springs (Xu et al., 2006).

In the Tokamachi area, massive mudstones 800 m thick belong-
ing to the Late Miocene Sugawa Formation are widely distributed
(Takeuchi et al., 2000). The Sugawa Formation is entirely folded
with a NE-SW trending axis, and exhibits a wavelength of several
tens of km. The mud volcanoes are all distributed in the upper hori-
zon of the Sugawa Formation, in correspondence with anticline
axes (Shinya and Tanaka, 2005; Ishihara and Tanaka, 2009). The
other geological formations in the area include: (i) Pliocene
Tamugigawa Formation (silt and sandstones), (ii) Late Pliocene
Higashigawa Formation (siltstone and alternations of sandy
siltstone) and (iii) Late Pliocene to Early Pleistocene Uonuma For-
mation (sandstone).

The two active mud volcanoes, Murono and Kamou, are about
10 km west of Tokamachi village. A third mud volcano in the
Kamou area (Shosenji mud volcano) is inactive today; it was active
at least about 38 ka BP, as estimated by the “C age (38,479 +
820 a BP) of the charcoal intercalation in the swamp deposit
overlying the erupted mud (Shinya and Tanaka, 2005). Kamou
and Shosenji mud volcanoes are located at the margin of a wide
structural depression (Fig. 1), probably a sort of caldera related
to gas seepage. At Murono, groundwater, mud and gases are erupt-
ing at two bubbling craters, with a diameter of 2 m (vent 1) and
0.5 m (vent 2); natural gas is also seeping from cracks formed in
the asphalt pavement along the road of a car test track that was
built around the mud volcano; the crack-seepage mainly occurs
in at least two sites (vents 3 and 4; Fig. 2 and 4). At Kamou, only
two small mud craters, about 0.5 m in diameter, were found during

A Mud volcano craters

Flux measurement points: soil patches

u asphalt
pavement

O M1-M34 (Table 2; Fig. 9)
O Profile MP1-18 (Table 2b; Fig. 10)

\1

=
J
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Fig. 4. Map of flux measurement points at Murono.
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Fig. 5. Map of flux measurement points at Kamou, CH,4 flux values are in brackets (gm~2d").

the survey performed in May 2010 (Fig. 3 and 5). Previously, fluid
eruptions with a gas pressure up to 1.6 MPa were also observed in
a tunnel excavated 150 m underground near Kamou (Matsushita
et al., 2000).

Geological surveys, including borehole drilling (Ishihara and
Tanaka, 2009), geophysical prospecting such as Controlled-Source
Audio-Frequency Magnetotellurics (CSAMT), electrical prospecting
(Suzuki et al., 2009) and surface wave inversion (Onishi et al.,
2009) allowed defining the position, geometry and fluid charge of
the underground chamber: it is filled with highly saline groundwa-
ter and mud, and is associated with diatremes composed of mud
breccia. Geochemical analyses suggest a deep water origin, likely
ascending from depths of 3400 to 4000 m by abnormal fluid pres-
sure, probably related to dehydration of clay minerals (Ishihara
and Tanaka, 2009).

3. Methodology
3.1. Gas sampling and analyses

Three gas samples, two from Murono (vent 2 and vent 3; Fig. 2)
and one from Kamou (vent 1; Fig. 3), were collected by an inverted
funnel connected to a syringe and a silicon tube equipped with a
T-valve, in order to reduce atmospheric air contamination. Gas
samples were stored in 100 mL glass tubes equipped with two
vacuum stop-cocks. The samples from Murono vent 2 and Kamou
vent 1 were analyzed at Isotech Labs Inc. (Illinois, USA) for C;-Cg
hydrocarbons, He, H,S, Hy, Ar, O,, CO,, N,, (Carle AGC 100-400
TCD-FID GC; detection limits of CO,, N,, H, Ar, O,: 40 ppmv;
H,S: 150 ppmv; He and HC: 10 ppmv; precision 2%; 10% at the
detection limit), and isotopic compositions §'3C;, §'3C,, 6'3Cs,
6D,, 813CO, (Finnigan Delta Plus XL mass spectrometer, precision

+0.1%. for 13C and +2%. for 2H). The sample from Murono vent 3
was analysed at the Dept. of Environmental Chemistry & Engineer-
ing, Tokyo Institute of Technology, for C;-C3 hydrocarbons (GC/MS
HP5975, detection limit: 5 ppmv; precision 1%; 10% at the detec-
tion limit), Ar, O,, CO,, Ny, (Shimazu GC-8A TCD, GC; detection
limits of CO,, Ny, Ar, O,: 50 ppmv; precision 1%; 10% at the detec-
tion limit), and 0'3Ccps—0Dcna isotopic ratios (Finnigan MAT 252
isotope ratio mass spectrometer, precision +0.07%. for '>C and
+1.5%o for 2H).

3.2. Gas flux measurements

Methane and CO, fluxes from macro-seeps and diffuse seepage
(miniseepage and microseepage) were measured by a closed-
chamber system (Fig. 2; West Systems srl, Italy) equipped with
portable CH4 and CO, sensors and wireless data communication
to a palm-top computer; the gas fluxes are automatically
calculated through a linear regression of the gas concentration
build-up in the chamber. The CH,4 sensor includes semiconductor
(range 0-2000 ppmv; lower detection limit: 1 ppmv; resolution:
1 ppmv), catalytic (range: 2000 ppmv - 3% v/v), and thermal con-
ductivity (3% — 100% v/v) detectors (precision of 5%). Maximum
accumulation time of 15 min allowed detecting fluxes down to
10 mg m 2 d~'. The CO, detector is a double beam infrared sensor
(Licor) with an accuracy of 2%, repeatability +5 ppmv and full scale
range of 2000 ppmv. The chamber was equipped with a Nafion®
dryer for humidity removal. Laboratory tests based on known gas
fluxes suggested a reproducibility better than 5%.

At Murono, flux measurements were performed at the four
main vents (vent 1 and vent 2, corresponding to the two mud
volcano craters; vent 3 and vent 4 corresponding to cracks in the
asphalt pavement; Fig. 2), and were homogeneously distributed,
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Table 1

353

Gas composition and isotopic data of Murono and Kamou mud volcanoes, and surrounding seeps.

Sample (year.month) Molecular composition (vol.%)

Isotopic ratios (6'3C: %o, VPDB; 6D: %o, VSMOW)

N, CO,  CH4 CHe C3Hg i-C4 nCqy i-Cs nCs Cer e oD; 03¢, 513C3 0"3Ceon
Murono
MV vent 2 (10.5) 000 562 9372 043 022 001 000 000 000 0002 -3621 -1745 -24.44 -1338  +28.32
MV vent 3 (10.5) 006 356 9520 1.19 -3289 1612
MV (04.8)! 024 601 9304 050 020 000 000 000 000 0.00 -33.1 ~26.5 +30.8
V (05.5) 2 000 459 9470 041 028 000 000 000 000 0.00 —-345 -26.0 ~116 +19.2
V (06.6) 2 189 550 91.84 045 031 001 000 000 000 0.00 -35.1 -25.8 -12.0 +21.2
PF] (04.4) " 165 373 9454 004 003 000 000 000 000 0.00 —-36.6 +23.9
PF2 (04.4)" 303 439 9256 002 000 000 000 000 000 0.0 -37.1 +23.5
PF3 (05.6) 243 390 8674 387 185 025 055 014 013 0.0 -35.3 247 221 +9.4
Kamou
MV vent 1 (10.5) 028 291 9544 078 010 024 005 009 000 0.11 -33.89 1717 +10.93
MV (04.4)! 001 180 9692 075 011 022 004 003 007 004 —-33.7 —21.1 +18.0
V (04.8)! 079 670 9181 064 002 003 000 000 000 001 —-345 -21.0 +7.8
V (05.5)? 313 391 9163 079 011 024 005 011 001 001 -32.9 —20.0 -89 +4.3
V (06.6)% 246 345 9284 078 010 022 005 009 001 001 -335 -19.9 -86 +8.9
PF] (04. 4) 1256 3.17 8386 040 002 000 000 000 000 0.0 —-33.7 —22.2 -12.1
2 (04.4) 335 317 9298 038 005 002 003 002 000 0.00 -34.0 -23.9 -25

MV: mud volcano; PF: paddy field; H,, He and H,S, not included in the table, are below the detection limit (<40 ppmv, <10 ppmv and <150 ppmv, respectively). All data are
corrected for air contamination; the raw analyses in 2010 showed O, contamination of 0.4 vol.% and 0.1 vol.% (Murono vents 2 and 3), and 0.05 vol.% (Kamou vent 1); Ar

concentrations were always below 0.023 vol.%).
! Data from Kato et al. (2009).
2 Data from Mizobe (2007).

where soil exists, throughout the area of the car test track, for a
total of 34 measurements (Fig. 4). A further 18 measurements were
performed the following day along a 200 m long transect, crossing
the vents sites. At Kamou, 11 measurements from soil were per-
formed along a 65 m long transect running close to the two mud
volcano vents; other 7 measurements were made at the vents
and from soil as shown in Fig. 5. A further five flux measurements
were carried out, as a test and for background evaluation, in a
grassland soil located about 20 km from the mud volcano zones.
Murono flux data were elaborated with commercial kriging inter-
polation software in order to provide 3D maps and an estimate
of the total gas output.

4. Results and discussions
4.1. Gas chemistry

4.1.1. Gas origin

Methane is the dominant gas of both Murono and Kamou mud
volcanoes, with concentrations above 93 vol.% (Table 1). Ethane
(C;Hg) and propane (CsHg) concentrations are above 0.4 vol.% and
0.1 vol.%, respectively. Helium, H, and H,S are below the analytical
detection limit (10, 40 and 150 ppmv, respectively). Compositional
data acquired in this work are basically consistent with those
reported by Mizobe (2007) and Kato et al. (2009) for the analyses
carried out in 2004, 2005 and 2006. The mud volcanoes gas compo-
sition is typical of natural gas of sedimentary basins, clearly differ-
ent from geothermal or hydrothermal CO,- or N,-rich gases related
to the volcanic arc in central Japan (Fig. 6).

Isotopic data confirm the thermogenic origin of CH4 in both
mud volcanoes (Murono §3C;: —36.2%. and —32.9%.; Kamou
513Cq: —33.9%0). Kato et al. (2009) also reported data for seeps sam-
pled in rice paddy fields around the mud volcanoes (PF in Table 1):
the gas here is also clearly thermogenic and it is not related to bio-
logic production of rice cultivation. Bubbles were observed in the
paddy field close to vent 3 area (Fig. 4). The “Bernard 5!3C; vs.
C1/(C5 + C3)” and “Schoell §'3C; vs. oD;* diagrams are shown in
Fig. 7. All data fall within the field of thermogenic gas with conden-
sate (T, Fig. 7a; Hunt, 1996), which indicates the possible associa-
tion of gas with oil. This is confirmed by the presence of oil slicks at

Kamou, observed both during the survey (2010) and in 2004 (Kato
et al., 2009). The gas from both mud volcanoes does not show sig-
nificant molecular fractionation: the ratio C;/(C, + C3) is relatively
low in comparison with that frequently observed in other mud vol-
canoes worldwide (based on the global data set of Etiope et al.,
2009a), represented by the fields confined within the dashed lines
in Fig. 7.

4.1.2. Signals of subsurface petroleum biodegradation

The C isotopic ratio of CO, is positive in both mud volcanoes,
reaching +28.3%. at Murono, consistently for the analyses
performed from 2004 to 2006 (Mizobe, 2007; Kato et al., 2009).
13C-enriched CO, is typically indicative of secondary methanogen-
esis following hydrocarbon biodegradation (e.g., Pallasser, 2000;
Etiope et al., 2009b). The positive '3C¢o, value indicates residual

CHa4
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biogenic gas
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Fig. 6. Ternary plot of CH4—CO,-N, composition of the Tokamachi mud volcanoes,
compared with biogenic gas of the Kanto district (Chiba and Tokyo) and geothermal
gas from fumaroles or hot springs in central Japan, closer to the volcanic front
(Fig. 1). Kanto, Yamagata, Fukushima, Miyagi and Aomori data are from Urabe et al.
(1985); Takinoue data are from Kiyosu and Yoshida (1988).
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Fig. 7. Genetic zonation of CH, released from Murono and Kamou mud volcanoes. (a) Methane C and H isotope diagram (Schoell, 1983; Hunt, 1996). (b) CH,4 carbon isotope
vs. methane-ethane-propane molecular composition (Bernard et al., 1978). Dashed lines encompass the fields of mud volcanoes reported in the global data set of Etiope et al.
(2009a). Tp = thermogenic with oil; Tc = thermogenic with condensate; Tp = dry thermogenic.

CO, from reduction to CH4 (secondary microbial CH,) after CO,
was produced by petroleum anaerobic degradation. This biodegra-
dation preferentially affects C3Hg and other n-alkanes leading to
large isotopic separations between successive n-alkanes (Pallasser,
2000; Etiope et al., 2009b). Both Murono and Kamou shows a large
isotopic separation between C, and C; with high 6'3Cs values
(Fig. 8), which appear above the maturity curve (vitrinite reflec-
tance/isotope composition) derived from kerogen of the Niigata
Basin (Waseda and Iwano, 2008). This is a general behaviour of
many mud volcanoes which show '>C-enriched CO, (Etiope et al.,
2009b).

Subsurface petroleum biodegradation can also induce high C/
Cs (ethane/propane) ratios (Pallasser, 2000). Murono and Kamou
gases have C3Hg concentrations similar to that of many other
mud volcanoes with positive 513Ccoy values; but a statistical eval-
uation of a large data set of mud volcanoes worldwide does not
show any significant correlation between C3Hg concentration and
8'3Ccoy values (Etiope et al., 2009b). Probably Cs, concentrations
in mud volcanoes are mainly controlled by molecular fractionation
during advective migration (Deville et al., 2003; Waseda and Iwa-
no, 2008; Etiope et al., 2009a). Due to molecular adsorption on so-
lid grains of mud and differential solubility, seeping gas becomes
dryer (more CHy, less heavier alkanes) than reservoir gas. It seems
that such a molecular fractionation is inversely proportional to the

flux or velocity of gas uprising to the surface, i.e. it is directly
proportional to the residence times and gas-water interaction
processes, as specifically observed in mud volcanoes in Italy and
Taiwan (Etiope et al., 2007b; 2009a; Chao et al., 2010). In this
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2127 A
154 (+28.3)
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Fig. 8. Relationship between C; and C5 carbon isotopes. The continuous line is the
maturity curve (vitrinite reflectance/isotope composition) based on the model by
Berner and Faber (1996) and calibrated for reservoirs of the Niigata Basin; Waseda
and Iwano, 2008). 5'3Ccq; values are in brackets.
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respect, the behavior of Murono and Kamou is going to be exam-
ined in Section 4.2.4., after the discussion of the gas fluxes.

Secondary microbial CH, may have a relatively high 6'3C value,
due to the heavy C isotopic signature of the oil substrate, so that it
can be indistinguishable from thermogenic CH4 (Milkov, 2010;
Brown, 2011); in the “Bernard plot” (Fig. 7b) secondary CH4 typi-
cally falls within the same sector of molecular fractionation, above
the thermogenic field (e.g., Milkov, 2010).

4.2. Gas flux

4.2.1. Background test area

In the five background sites on the grassland soil, located 20 km
from the mud volcanoes, CHy4 flux was always below the detection
limit (<10mgm2d~!, after a chamber accumulation time of
15 min) and CO, flux ranged from 15 to 36 gm~2d~'. In normal
dry soil conditions CH4 flux is typically negative or nil, due to
consumption by methanotrophic bacteria (Etiope and Klusman,
2010). The measured CO, fluxes are coherent with soil respiration
in temperate climate soils measured in central Japan (5-
33 gm 2d"'; Moriizumi et al., 2007).

4.2.2. Murono mud volcano

Methane and CO, flux data are listed in Tables 2a and 2b.
Macro-seep CH,4 flux (Table 2a), measured at nine points in corre-
spondence with the visible vents 1-4, ranged from 670 to
41,500 g m2 d~'. Methane output from isolated clusters of bubble
trains (in the mud volcano crater or at the cracks in the asphalt
pavement) ranged from 0.03 to 1.1tona '. A large gas flux was
also measured throughout the wet mud of vent 1 (the larger
mud seep). For 1 m? of muddy ground, CH, output is about
2tona!, which is almost three times higher than the flux from
the visible bubble train in the central crater (Table 2a, points
M17 and M15).

Methane exhalation from invisible seepage (mini- and micro-
seepage; Table 2b) ranged from zero (actually <10 mgm~2d~",
the lowest detection limit) to 446 gm2d~'. Fig. 9 shows a 3D
reconstruction, through kriging interpolation, of the distribution
of gas fluxes. Positive CH, fluxes, from tens to thousands of
mgm 2d~!, were recorded in the soil patches throughout the
investigated area, about 4900 m? (Fig. 4), except for the farthest
point, MP1, at the easternmost side of the E-W profile, about
90 m from the mud volcano vents (Fig. 10a).

Table 2a
Macroseepage CH4 and CO, fluxes at Murono.
Site N. (Fig. 4) CH4 CO, CH4/CO, CHy4 CO,
output® output?
(gm2d™") vol. (tony™1)
M15 vent 1 27,200 3910 19.2 0.7 0.1
(center, bubble 1)
M16 vent 1 (bubble 2) 1028 212 14.2 0.03 (x3)° 0.01 (x3)°
M17 vent 1 (1 m? mud) 5624 897 17.5 2 0.33

M18 vent 2 (center) 41,500 8094 15.3 1.1 0.21

M21 vent 3 (bubble 1) 6475 1072 16.8 0.17 (x3)° 0.03 (x3)°

M22 vent 3 (bubble 2) 1232 270 13.2 0.03 (x5)° 0.01 (x5)°
)

M28 vent 3 (bubble 3 5225 1058 13.8 0.13 0.03
M29 vent 3 (bubble 4) 5927 968 17.1 0.15 0.02
M34 vent 4 (no bubbles) 670 165 12.1 0.02 0.004
Total output ~5 ~0.9

@ The gas output from individual vents is calculated from the flux measured by
the closed-chamber (columns 2 and 3) multiplied by the chamber area (0.07 m?),
which corresponds to or is slightly smaller than the actual gas vent area (e.g., for
M15: CH, output is 27,200 gm—2d ! x 0.07 m? x 365 day/10°=0.7 tony ).

b The output of other three bubble trains is assumed equal to that of measured
bubble flux at M16, which shows similar activity (bubble size and frequency). The
same procedure is applied to other three bubble trains similar to M21 and 5 bubble
trains similar to M22.

Carbon dioxide fluxes at the macro-seeps ranged from 165 to
8094 g m~2d ", and are directly proportional to CH, fluxes. Fig. 9
shows that CH; and CO, have exactly the same spatial pattern,
CO, being a mud volcano gas component (Table 1). It is interesting
to note that the volumetric ratios between CH,4 flux and CO, flux in
the macro-seeps range from 12 to 19 (mean of 15.5; Table 2a) and
are similar to the compositional CH4/CO, volume ratio (16.7 mea-
sured in the gas vent 2, 26 in vent 3; Table 1). A high ratio (~17) is
also observed in the high flux from wet mud around vent 1 crater
(M17). It implies that wet mud is very permeable to gas exhalation
and that the gas flow is rapid enough to continuously replace CH,4
in the mud, preventing significant oxidation. This high CH,/CO,
flux ratio is not maintained in the diffuse fluxes from soil, where
both CH4 consumption by methanotrophic bacteria and addition
of biologic CO, from soil respiration occur (Table 2b, fourth
column). Methane/CO, ratios around 15 appear only in the soil
which is very close to macro-seeps (MP8) or corresponding with
a manhole cover (M15), below which gas bubbling seems to occur
from underground flowing water.

Table 2b

Mini- and microseepage CH4 and CO, fluxes (g m~2d~!) at Murono.
Site N. (Fig. 4) CH4 CO, CH,4/CO, vol.
Murono areal
M1 0.90 14 0.18
M2 0.41 16 0.07
M3 33 30 0.30
M4 446 212 5.80
M5 10 49 0.57
M6 0.04 22 0.01
M7 0.77 32 0.07
M8 0.68 26 0.07
M9 0.09 14 0.02
M10 0.18 14 0.03
M11 3.44 28 0.33
M12 0.06 17 0.01
M13 0.34 21 0.05
M14 1.25 15 0.24
M19 3.80 29 0.36
M20 033 19 0.05
M23 4.75 35 0.37
M24 0.67 21 0.09
M25 0.2 28 0.02
M26 0.48 12 0.11
M27 324 125 7.18
M30 0.09 11 0.02
M31 033 14 0.06
M32 0.03 7 0.00
M33 0.18 16 0.03
Murono profile
MP1 0 8 0.00
MP2 0.03 44 0.00
MP3 0.11 45 0.01
MP4 0.01 14 0.00
MP5 0.15 20 0.02
MP6 0.21 23 0.02
MP7 0.45 3 043
MP8* 40 7 14.60
MP9 0.71 25 0.08
MP10 0.47 20 0.06
MP11° 249 535 1.28
MP12 1.36 19 0.20
MP13 0.24 27 0.02
MP14¢ 412 149 7.58
MP15¢ 41 7 15.00
MP16 0.09 54 0.00
MP17 0.22 27 0.02
MP18 0.04 32 0.00

@ Close to vent 4.
b Close to vent 1.
¢ Close to vent 3.
4 Above manhole cover.
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Fig. 9. 3D plots of CH4 and CO, flux distribution at Murono mud volcano (kriging
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Fig. 10. Methane flux from soil along profiles running close to the Murono (a) and
Kamou (b) vents (traces on Figs. 4 and 5). Murono point 11 is 1 m from vent 1;
points 7, 14 and 5 are directly over cracks in the asphalt pavement. Kamou points
G6, G8, G9 and G4 are 1 m from the vents.

Total CH,4 output from macro-seepage (the sum of emissions
measured from all vents; Table 2a) is estimated to be about
5tona~. Total gas output from the diffuse exhalation from soil
(mini- and microseepage) was derived by spatial interpolation
between the individual gas measurements. Applying ‘“natural
neighbor” interpolation separately for microseepage (flux values

with lower variance) and miniseepage (flux values with higher var-
iance) yields an output of about 16 ton CH4 a~'. Total CH, emission
from the Murono area (4900 m?) would be therefore >20 tona™';
thus, more than 75% of this emission is from the diffuse seepage
surrounding the visible mud volcano vents.

In the same way, a total CO, emission of 0.9 ton a~! is estimated
from macro-seeps (Table 1). The diffuse CO, flux from soil would
include biologic CO, from soil respiration, which is quite variable,
depending on local soil conditions, and is difficult to distinguish
from geologic (thermogenic) CO, related to the mud volcano
system. The geo-CO, fraction in the soil flux can be assessed only
by stable C (positive §'3C for geo-CO, as reported in Table 1, and
from —10 to —25%. for bio-CO,) or radiocarbon analyses (geo-
CO, is “C-free).

4.2.3. Kamou mud volcano

The CH,4 flux values measured at Kamou are shown in Fig. 5. The
two craters are similar (in terms of both size and bubbling activity)
to those of Murono, and release about 1 and 0.8 ton CH, a~!. Also in
this case CH,4 flux was quite high throughout the investigated area
(about 1000 m?), and decreased below 50 mgm 2d~! at about
50 m from the mud volcano craters (Fig. 10b). Also in this case
the CH4/CO, volume ratio in the macro-seep flux (29 for vent 1)
was close to the compositional volume ratio (32.8), and it was gen-
erally <1 for the diffuse flux from soil, as occurred in the Murono
area. Total CH4 emission from the investigated area is estimated
at 3.7 tona~! (of which 52% was from diffuse seepage).

4.2.4. Gas flux vs. C,. concentration

Fig. 11 shows a diagram of macro-flux vs. C;/(Cy + C3) for Mur-
ono and Kamou, compared with mud volcanoes and other gas
seeps in Italy (Etiope et al., 2007b), Romania (Etiope et al., 2004a,
2009a), Switzerland (Etiope et al., 2010) and Taiwan (Chao et al.,
2010) The macro-flux refers to the gas flow from a single vent from
which molecular composition was determined. The plot shows a
trend that is consistent with the hypothesis that molecular frac-
tionation may increase as gas migration flux decreases (Etiope
et al., 2007b; Chao et al., 2010): the higher the gas flux, the higher
the gas velocity, the lower the time available for gas-water-mud
interaction, the lower the fractionation. The “Bernard ratio”, C;/
(C, + C3), however may also increase due to hydrocarbon biodegra-
dation, which preferentially consumes C3Hg and n-alkanes (Pallas-
ser, 2000). The Giswil seep (point 9; Etiope et al., 2010), as well as
Murono and Kamou (black triangles) are examples of gas related to
significant hydrocarbon biodegradation. More data are necessary
to verify this preliminary model.
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Fig. 11. Diagram of macro-flux vs. C;/(C; + C3) for Murono and Kamou, compared
with mud volcanoes (triangles) and other gas seeps (diamonds) releasing thermo-
genic gas (with CH4 > 90 vol.%) in Italy (1: M.Busca, 2: Censo fire, 3: Regnano, 4:
Nirano, 5: Ospitaletto, 6: Rivalta; Etiope et al., 2007b), Romania (7: Paclele Mari, 8:
Paclele Mici; Etiope et al., 2004a, 2009a), Switzerland (9: Giswil; Etiope et al., 2010)
and Taiwan (10: YNH, 11: YSJ, 12: LGH; 13:YSK; Chao et al., 2010).
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4.2.5. Emission factor and its importance for global CH, emission
estimates

Murono and Kamou mud volcanoes show an emission factor
(defined in Introduction) of about 4300tonkm—2a~! (ie.,
21tona~! divided by 0.0049 km?) and 3000 tonkm~2a~! (i.e.,
3tona~! divided by 0.001 km?), respectively. These values are
similar to those derived in other mud volcanoes of the same size
and activity, as discussed below.

According to the EMEP-EEA (2009) guidelines, for area sources
(pervasive and spatially distributed gas fluxes), the regional or glo-
bal gas emission is calculated by multiplying the emission factor
(typically in terms of gm 2d ! or ton km 2 a') by the region or
global area characterised by that gas flux. For point sources (local-
ized gas emissions) the regional or global emission is given by the
emission factor (in terms of kgd~! or tona ') multiplied by the
number of the emission points occurring in the region or globally.
These procedures were used to assess the most recent bottom-up
estimates of global CH4 emission from mud volcanoes (6-9 Mta™';
Etiope and Milkov, 2004), and from other geological sources (e.g.,
Etiope et al., 2008). The uncertainty of these estimates strongly de-
pends on the representativeness of the emission factor and its pos-
sible disaggregation into different levels: in other words, different
emission factors could be associated with mud volcanoes with dif-
ferent size and/or activity. Etiope and Milkov (2004) used emission
factors disaggregated into three levels: 100-500 ton km—2a~! for
small size mud volcanoes (<0.5 km?), 500-1000 ton km~2a~! for
medium size (0.5-9 km~2) and 1000 ton km~2a~"! for large mud
volcanoes (>9 km?). These were based on data from Italy, Romania
and rough estimates from Azerbaijan. It was assumed that larger
mud volcanoes generally are more active (higher emission factor)
than small ones. More recent surveys in other mud volcanoes
(e.g., Etiope et al., 2007b; Spulber et al., 2010) show that this
hypothesis is not completely or always correct. The uncertainty
in the final estimate can only be reduced by extending the exper-
imental data set, knowing the actual emission factor for a larger
number of mud volcanoes worldwide. In any case, as suggested
also in this work, all levels of seepage, macro-, mini- and microsee-
page, should be considered (i.e., using only gas emission from vis-
ible craters would not give a realistic global emission estimate).
Today a wider data-set of CH, fluxes is available. Emissions includ-
ing all seepage levels are known for 27 mud volcanoes: 10 in Italy
(Etiope et al., 2007b), 8 in Romania (Etiope et al., 2004a; Spulber
et al.,, 2010), 4 in Taiwan (Hong and Yang, 2007), 3 in Azerbaijan
(Etiope et al., 2004b) and 2 in Japan (this work). These represent
only 3% of all terrestrial mud volcanoes (a total of 926 onshore
structures were suggested by Dimitrov (2002); since the standard
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Fig. 12. Histogram of emission factors calculated for 27 mud volcanoes from
Azerbaijan (data from Etiope et al., 2004b), Italy (Etiope et al., 2007b), Romania
(Etiope et al., 2004a), Taiwan (Hong and Yang, 2007), Japan (Murono and Kamou,
this work). Emission factor is derived from the total CH4 emission (macro-seepage
plus diffuse seepage) divided by the area investigated.

deviation of the output values from single mud volcanoes is quite
high, the mean (or median) output from 27 cases is not sufficiently
representative of the world mud volcano population. But the emis-
sion factor, which considers the actual measured area (and does
not significantly depend on the mud volcano size), can be used
for global up-scaling as for EMEP-EEA (2009) procedures. Almost
all investigated cases indicate an emission factor ranging in the or-
der of 102-10% ton km~2 a~!. The frequency distribution is shown
in the histogram of Fig. 12. The mean value is 3150 ton km 2a .
The higher values can be considered spurious as they are related
to measurements of gas flux only in restricted high-degassing
zones (for example, diffuse degassing tens of meters from the main
vents was not measured). Conversely, lower values may reflect a
wider investigated area including lower fluxes. This new data set
(much wider than that considered 7 years ago by Etiope and
Milkov, 2004) suggests that emission factors are frequently higher
than 1000 ton km~2a~!, which was the upper limit of Etiope
and Milkov (2004). Assuming the average emission factor
(3155 ton km~2a~!) as representative of the global mud volcano
population, multiplied by the global area covered by mud volca-
noes (estimated at about 2880 km?; Etiope and Milkov, 2004) it
would yield a global CH4 emission, related to quiescent degassing,
of 9 Mt a~'. This value is twice the previous upper limit for quies-
cent degassing and it could double assuming emission from erup-
tions (Dimitrov, 2002; Etiope and Milkov, 2004). The eruptive
component is the weakest point of the global emission estimate,
because there are no experimental measurements of gas fluxes
during eruptions, and the hypothesis of a global value equivalent
to quiescent degassing (Dimitrov, 2002) still needs to be verified.
However, the previous estimate of Etiope and Milkov (2004) would
be underestimated and the actual global CH, emission from mud
volcanoes has the potential to be between 10 and 20 Mt a~'. More
data are essential to improve the statistics and Murono and Kamou
can presently be considered representative of the typical emission
factor of mud volcanoes.

5. Summary and conclusions

Gas (CH4 and CO,) flux to the atmosphere from the two main
active mud volcanoes in central Japan, Murono and Kamou, were
measured for the first time. The gas has a deep thermogenic origin,
likely associated with oil accumulations and shows isotopic fea-
tures of CO, and C3Hg typical of subsurface petroleum biodegrada-
tion. A low variability of compositional and isotopic values from
2004 to 2010 was noted. This would imply that the gas source,
and post-genetic alteration, did not change, and can be related to
the same subsurface gas accumulation. The long-lasting migration
from the same source requires a significant and permanent pres-
sure gradient, which may be linked to large and pressurized gas
pools. The gas flux activity of a seep, associated with a constant
gas geochemistry, could therefore be a proxy of the economic
potential of subsurface hydrocarbons.

It is interesting to note, then, that Murono and Kamou offer
two cases of “bubbling” in rice paddy fields that are not related
to rice cultivation and biologic CH,4 production. This demonstrates
that paddy fields located in areas of potential gas seepage (petro-
liferous or geothermal areas) can host and emit, in part, natural
geologic gas. If these fields are subjected to flux measurements,
by closed-chambers, micrometeorologic or remote sensing meth-
ods, the isotopic determination of CH, is recommended in order
to avoid misattribution of gas output to the “anthropogenic” rice
cultivation.

Gas fluxes from Murono and Kamou are similar to those mea-
sured in other active mud volcanoes worldwide of the same size,
and have the following main characteristics:
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(a) The total output of CH4 emitted to the atmosphere is esti-
mated to be at least 20tona~' for Murono and at least
3.7 tona"! for Kamou.

(b) CO; fluxes at the macro-seeps were directly proportional to
CH4 fluxes: the volumetric ratios between CH,4 flux and CO,
flux are similar to the compositional CH4/CO, volume ratio
only in the macro-seeps, and are much lower in the soil,
due to both CH4 consumption by methanotrophic bacteria
and addition of biologic CO,. Similarly to other traditional
(CHy4-rich) mud volcanoes, the total CO, output into the
atmosphere is, however, extremely low in comparison with
geothermal or volcanic emissions, where CO, is typically the
dominant gas (see tables in Morner and Etiope, 2002, and
Etiope et al., 2007b).

(c) Murono and Kamou macro-seep flux data, in addition to
those of another 13 mud volcanoes, supported the hypothe-
sis that molecular fractionation (increase of the “Bernard
ratio” C;/(Cy + C3)) is inversely proportional to macro-seep
flux.

(d) More than half of the mud volcano degassing is from invisi-
ble diffuse seepage (around the vents and from soil); either
wet or dry mud around the craters is not impermeable: it
was observed that from 1 m? of muddy ground the CH, out-
put is almost three times higher than the flux from the vis-
ible bubble plume in the central crater; in addition, positive
CH,4 fluxes from dry soil were widespread throughout the
investigated areas, down to levels of a few tens of
mgm~2d~! about 60 m from the macro-seep zone.

These results suggest that in order to assess the actual total gas
output from a mud volcano, the flux must be evaluated not only in
the visible craters or vents (bubbling pools, gryphons) but also in
the surrounding soil, and in particular in the fresh mud close to
the active vents.

In this respect, Murono and Kamou fluxes contributed to update
a global emission factor data-set, which now includes 27 mud vol-
canoes from different countries; bottom-up elaboration (following
the procedure of Etiope and Milkov, 2004) of the new data-set sug-
gests that global CH4 emission from mud volcanoes may be twice
the previous estimates, in a range between 10 and 20 Mt a~'. This
would project the global geological emission of CHy4 (including all
other geo-CH,4 sources i.e., onshore seeps and microseepage inde-
pendent of mud volcanism, submarine seepage, geothermal emis-
sions; Etiope et al., 2008) beyond 60 Mt a~!, i.e. more than 10% of
global CH4 sources and than the emission from other natural or
man-made sources, such as termites, wild animals, biomass burn-
ing and landfills (Etiope, 2010).
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