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Preface

Silicon is one of the major elements in the Earth that plays important role in various
geological and biological processes. Silica and silicates comprise 87% of the weight of
the Earth’s crust. Besides, silicon is a major nutrition component for oceanic organs
and appears as silica in diatoms, radiolarians and sponges. Silicon is also the major
nutrition of a large number of terrestrial plants.

It is found that silicon consists of 4 isotopes, including stable isotope 28Si, °Si
and *°Si and radioactive isotope 3?Si. As for other light elements, the natural variation
of silicon isotopes has attracted the attention of isotope geochemists since the 1950s
of the twentieth century. By the 1970s of the twentieth century, significant progress
had been reached on the study of silicon isotope compositions in meteorite and lunar
rocks, which shows a relatively large variation on silicon isotopes. However, due to the
small variation range of silicon isotope compositions and limited precision of analyti-
cal methods, the studies on silicon isotope compositions of terrestrial samples are left
behind. The first paper to describe the silicon isotope distribution in nature was pub-
lished by Douthitt (1982). Soon after that, Ding et al. (1988a) improved the analytical
method for silicon isotopes to satisfy the requirement of silicon isotope study on ter-
restrial samples. Then systematical investigations on the natural variation of silicon
isotopes, the fractionation mechanisms of silicon isotopes and geological application
of silicon isotopes on ore deposits were carried out by Ding and his cooperators, and a
monograph entitled “Silicon Isotope Geochemistry” was published in 1996 (Ding et al.,
1996), which made an important contribution in the development of this new branch
of stable isotope geochemistry.

Since 1996, a large number of research groups have been involved in the studies of
silicon isotope investigations and extensive progress has been achieved. The analyti-
cal method has been improved significantly. The MC-ICPMS method is established and
the laser ablation IRMS and SIMS method are renovated. The thermodynamic silicon
isotope fractionation and the kinetic biochemical silicon isotope fractionation have
been carried out experimentally. Beside the results of the lithosphere, a large number
of data on the samples from the hydrosphere and biosphere have been reported and
a more systematical and meticulous picture on silicon isotope distribution in natural
environments is delineated. The applications of silicon isotope study have been ex-
tended widely. Based on the new progress achieved in the recent two decades, this
new book entitled “Geochemistry of Silicon Isotopes” is compiled to show readers the
features of silicon isotope studies at the present stage.

https://doi.org/10.1515/9783110402452-201
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1 Introduction

Silicon isotope geochemistry is a relatively new branch of stable isotope geochem-
istry. It is applicable to the study of both terrestrial and cosmic environments. As with
the stable isotope geochemistry of other elements, silicon isotope geochemistry com-
prises three main aspects: 1) the study of analytical methods for silicon isotope ratios;
2) the study on the mechanism of silicon isotope fractionation; and 3) the geological
applications of silicon isotope studies. Before going into the details of these aspects,
some background information of the geochemical characteristics of silicon will be pre-
sented, together with the history and the present status of silicon isotope studies.

1.1 Origin and characters of silicon and its isotopes

According to the theory of stellar nucleosynthesis, the elements in the stars were
formed in the big-bang by a number of nuclear reactions. The proposed reactions
(Burbidge and Burbidge, 1957; Cameron, 1959, 1973) includes 1) Cosmological nucle-
osynthesis; 2) Hydrogen burning; 3) Nova explosions; 4) Helium burning; 5) Carbon
burning; 6) Oxygen burning; 7) Silicon burning; 8) Nuclear statistical equilibrium; 9)
S-process; 10) P and R processes; 11) Cosmic ray spallation.

The major processes responsible to formation of silicon nuclei are oxygen burning
(for 28Si, Si and 3°Si), and silicon burning (for 285i).

It is observed that the most abundant element in the solar system is hydrogen,
which is followed by He, O, C, Ne, Fe, N and Si. Normalized to Si = 10°, the abundance
of Hand He are 3.18 x10'° and 2.21x10°, respectively. The sum of H and He is accounted
for more than 99% of the mass in the solar system, and Si makes 0.06% of the mass in
the solar system.

1.2 Abrief description of silicon geochemistry

Silicon has an atomic number of 14 and belongs to the third period and the fourth fam-
ily of the periodic table. The silicon element was discovered in the nineteenth century.
It is the most abundant element in the Earth after oxygen, and occupies a very impor-
tant position in geochemistry. As a result, its chemical properties and geochemical
characteristics have been studied in great detail.

1.2.1 Physicochemical properties of silicon

Through extensive and long term studies, a clear understanding has been obtained for
the physicochemical properties of silicon. For simplicity, only those physicochemical
properties that are most closely related to silicon geochemistry are listed in Table 1.1.

https://doi.org/10.1515/9783110402452-001
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Table 1.1: Some basic physicochemical parameters of silicon.

Property Parameter Reference

atomic number 14

atomic weight 28.0855 Barnesetal., 1975
atomic volume (cm3/Gramatom) 12.1 Liu, 1984

atomic density (g/cm?) 2.33

electronic configuration 3523p?

melting point (°C) 1410

boiling point (°C) 2355

geochemical valence 47,4%,(2*) Roslerand Lange, 1973
electronegativity 1.9 Liu, 1984

atomic radius (nm) 0.1176

covalent radius (nm) 0.1126

ion radius (nm) 0.042 (4%)

(Six coordinated) 0.271(47)

ionization potential (eV) 8.149

reducing potential (eV) -1.2

SiF2~ — Si** + 6F~

ionic potential 9.5 (4%)

1.2.2 Silicon-bearing compounds in nature

So far, elemental silicon has not been found in nature yet, although silicon carbide and
silicon nitride were discovered in carbonaceous chondrite, enstatite chondrite (Tang
etal., 1988) and kimberlites (Hutcheon et al., 1994). The existence of compounds of sil-
icon with nitrogen, boron and hydrogen in terrestrial samples has been proposed, but
their presence is doubtful (Liu, 1984). Silicon fluoride may exist in natural samples,
especially in volcanic and metasomatic products (Liu, 1984), but even if some of these
exotic silicon compounds exist in nature, their abundance should be very low and of
little significance in geochemical processes. The most important silicon-bearing com-
pound is silicates, which constitute 75% of the earth’s crust by weight. The second
most abundant silicon-bearing compound is silica, SiO,, which makes up 12% of the
earth’s crust. The observation that these two types of silicon-bearing compounds to-
gether account for 87% of the earth’s crust by weight indicates how important silicon
is in geochemical studies.

1.2.3 Crystal structure of silicates and silica
The basic unit of the crystal structure of silicates and silica is the silicon-oxygen tetra-

hedron. As the ionic radius of silicon is 0.042 nm and the ionic radius of oxygen is
0.132 nm, a cation of silicon can be enveloped by 4 anions of oxygen to form a stable
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silicon-oxygen tetrahedron. These tetrahedra can be isolated from each other (e.g.,
forsterite) and linked by other cations (magnesium ions in the case of forsterite). How-
ever, more frequently the tetrahedra are polymerized by sharing one or more of their
oxygen atoms. An oxygen atom shared by two silicon oxygen tetrahedra is formed an
“oxygen bridge”. Based upon the different styles of polymerization, silicates of differ-
ent structures, such as inosilicate, cyclosilicate, phyllosilicate and tectosilicate, can
be formed. Silicon-oxygen tetrahedra are also formed in silicate melt. Similarly, the
polymerization of silicon-oxygen tetrahedra can also be observed in silicate melt.

1.2.4 The abundance and distribution of silicon in geological reservoirs
Silicon is the eighth most abundant element in cosmos. In the Earth, silicon is the sec-

ond most abundant element, with an abundance of 27% by weight in the lithosphere.
The distribution of silicon in various geological reservoirs is listed in Table 1.2.

Table 1.2: Distribution of silicon in various geological reservoirs.

Geological Content of silicon Major forms of silicon bearing Reference
reservoirs compounds
mantle 20.5-22.5% nesosilicate and inosilicate: garnet Macdonald (1983)

peridotite, spinel peridotite,
plagioclase peridotite

lower crust 25.1-27.8% nesosilicate, inosilicate and
tectosilicate: gabbro, amphibolite,
magnesium granulite, eclogite and
peridotite

upper crust 27.7-30.9% allkinds of silicate and silica:
granitoid, basalts, intermediate and
acidic rocks, volcanic rocks, argillites,
siliceous rocks and metamorphic

rocks
ocean water 0.05x107°-5x10° H,SiO, Spencer (1983)
river water 2.0x107°-11x 107 H,SiO, Aston (1983)
biosphere Si0, in diatoms, radiolarian, sponges  Spencer (1983)

and equisetales

1.3 The history of silicon isotope studies

Four isotopes of silicon exist in the natural environment: 28Si, 2°Si, 3°Si and 3%Si. The
first three isotopes are stable and the last one is radioactive. The relative abundances
of 28Si, 2Si and >°Si in the Earth are 92.23%, 4.67% and 3.10%, respectively (Barnes
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et al., 1975). Variation in silicon isotope compositions has been found in terrestrial
samples. As with the stable isotope compositions of other elements, silicon isotope
compositions are expressed as 6 values, i.e.,

(39Si/28Si)g, — (3°Si/?Si)g,

30 g _

6" Si(%o) = (3OSi/285i)St x 1000 (1.1
29G; 128G 29G; 128G

e« (PSi/BSi)g, — (PSi/BSi),

67 Si(%o) = (298?/2881)& x 1000 (1.2)

where the subscript Sa means sample and St means standard.

By the 1920s, all three stable isotopes of silicon had been discovered. In 1924,
Jaeger and Dijkstra tried to determine the silicon isotope ratios of natural samples by
measuring their atomic weight. Six terrestrial samples of sand, analcime, leucite and
chlorite as well as six samples of meteorites were analyzed, but no variation in silicon
isotope compositions were detected in these samples. Reynolds and Verhoogen (1953)
reported silicon isotope data on a variety of rocks and minerals by mass spectrometric
analysis. The samples were pretreated chemically to convert their silicon to the form
of BaSiF,. The BaSiF, was then decomposed through heating to form SiF,, which was
introduced into the mass spectrometer for silicon isotope analysis. Fourteen samples
of different rocks and minerals were analyzed. Using olivine from a peridotite in North
Carolina, USA as a standard, they obtained §°°Si variations from 1.0%o to —2.1%o for
these samples. This research represents the first analysis of silicon isotope composi-
tions by a mass spectrometer. Their SiF, method has been used by later researchers,
although improvements have been made on the methods of SiF, preparation and on
the instruments used in the analyses. However, the range of >°Si enrichments in min-
erals observed in this study is basically the same as those obtained in later studies.

Grant (1954) published a paper dealing with the theoretical aspects of silicon iso-
tope fractionation. Based on the crystal structure of silicate and the ground state vi-
brational frequency of SiO,, he predicted silicon isotope fractionation would be less
than 5% among different phases within igneous rocks. He also made some predictions
about silicon isotope fractionations during weathering processes and precipitation of
silica from solution. However, because of the lack of necessary basic data, his conclu-
sions were not very precise, and some were contradicted by later observations. Never-
theless, his theoretical discussions provided an inspiration for subsequent studies of
the geochemical fractionation of silicon isotopes.

In the same period, Allenby (1954) studied the silicon isotope ratio of various rocks
and minerals. He also used SiF, gas for mass spectrometry analyses, but his method
of SiF, preparation was much different from that of Reynolds and Verhoogen (1953).
Silicon-bearing samples were reacted with HF in a vacuum metal system to produce
SiF,, which was purified and collected for silicon isotope analysis in the mass spec-
trometer. Twelve samples of rocks and minerals were analyzed and the results were
reported as 28Si/3°Si ratios. The lowest 8Si/30Si ratio, obtained from a silica sinter,
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was 31.10, and the total §°°Si variation was up to 14.1%0. However, the large variations
he found in terrestrial samples were not supported by later analyses.

Preliminary studies of silicon isotope fractionation in natural samples continued
in 1950s and 1960s, but the results of these early studies were inconsistent. No clear
pattern of silicon isotope variation was found and the reliability of these early results
was doubtful. It appeared that it would be rather difficult to make practical use of
silicon isotope studies, so the field of silicon isotope study remained stagnant for a
while.

As a result of the Apollo lunar landing program in the late 1960s and 1970s, lunar
samples were brought back to the Earth and attracted wide interests among scientists
working in different fields. Interest in the silicon isotope study of meteorites and lu-
nar rocks was renewed and the silicon isotope compositions of these samples were
investigated in detail using improved instruments and analytical methods.

Epstein and Taylor (1970) published the first paper on the variation of 3°Si/?Si
ratios in lunar rocks. Using their method of producing SiF, by reacting F,+HF with
samples, they were able to reach a precision of +0.2%o for silicon isotope analysis by
a mass spectrometer. They found that the surface of lunar soil was enriched in 3°Si
as well as 80, which provided strong evidence for the effect of bombardments of mi-
crometeorites and cosmic particles on the isotope composition of lunar soils. Later,
Yeh and Epstein (1978) also published their §°°Si and 6§%°Si results on meteorites.

In the same period, Clayton et al. (1978) had also studied the silicon isotope com-
position of lunar samples and meteorites using BrF; as a fluorination reagent to pro-
duce SiF,. In addition to the effect of a meteorite impact on the silicon isotope com-
position of lunar soils, they also found large 6°°Si (up to 20%.) and 62°Si (up to 10%o)
variations between the chondrules and inclusions of meteorites.

On the basis of progress in silicon isotope studies on lunar samples and mete-
orites, Douthitt (1982) carried out a comprehensive study on silicon isotope variation
in terrestrial samples, in which 132 new §°°Si data were reported. In this study, the
broad variations of the silicon isotope compositions in terrestrial samples were out-
lined, and the basic characteristics of the silicon isotope compositions of major ter-
restrial rock types, minerals and biogenic materials were documented. These results
were encouraging. However, no practical geological applications of silicon isotope in-
vestigations were indicated in this study.

Ding et al. (1988a) renewed the study of silicon isotopes. First, the SiF, prepara-
tion method of Clayton et al. (1978) was revised, and the precision of silicon isotope
analysis was improved (< +0.1%o). Following this, the silicon isotope composition of
a wide range of terrestrial samples was investigated. Up to 1996, more than 1,000 new
silicon isotope data were obtained, and the silicon isotope systematics of terrestrial
samples were outlined in more detail. As a result, several important applications of sil-
icon isotope studies to geological problems have been proposed, which evoked wide
interest in Si isotope geochemistry. In the meanwhile, de Biévre and his colleagues
have made progress in determining the absolute Si isotope ratio of some reference
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materials and the molar mass of silicon (De Biévre and Valkiers, 1994; De Biévre et al.,
1994).

In the 1980s and 1990s of the twentieth century, secondary ion mass spectrome-
try (SIMS) was used in silicon isotope analysis of meteorite samples (McKeegan et al.,
1985; Zinner et al., 1987, 1989; Stone et al., 1991; Hoppe et al., 1993, 1995; Lugaro et
al., 1999). These studies showed large variations of §2Si (up to 160%o) and 6°°Si (up
to 110%o) in the SiC phase of meteorites. These large variations and their correlation
provided important information concerning the cosmochemical processes responsi-
ble for the formation of SiC.

Since 1996, a large number of research groups have been involved in studies of
silicon isotope investigations and extensive progress has been achieved. First, the an-
alytical method has been improved significantly; especially, the MC-ICP-MS method
has been used successfully for silicon isotope determination (De La Rocha, 2002; Car-
dinal et al., 2003, 2005; Georg et al., 2006a; Reynolds et al., 2006a, 2007; André et
al., 2006; Engstrém et al., 2006; Opfergelt et al., 2006a; Van den Boorn et al., 2006).
In the meanwhile, the laser ablation IRMS (De La Rocha et al., 1996; Gao and Ding,
2009) and SIMS methods (Knight et al., 2009; Marin-Carbonne et al., 2011; Heck et al.,
2011; Chakrabarti et al., 2012) have been renovated. Second, besides the kinetic inor-
ganic silicon isotope fractionation (Li et al., 1995a; Geilert et al., 2014a; Roerdink et
al., 2015), the thermodynamic silicon isotope fractionation (Georg et al., 2007a; Sha-
har et al., 2009, 2011; Ziegler et al., 2010; Hin et al., 2014; Savage et al., 2009, 2011;
Dupuis et al., 2015; Pollington et al., 2016) and the kinetic biochemical silicon isotope
fractionation (De La Rocha et al., 1997; Opfergelt et al., 2006b; Ding et al., 2008b; Sun
et al., 2008; Sutton et al., 2013) have been carried out systematically. Third, besides
the results of the rocks and minerals, a large number of data from the samples on the
hydrosphere and biosphere have been reported (De La Rocha et al., 1997, 1998, 2000;
De La Rocha, 2003, 2006; De La Rocha et al., 2011; Varela et al., 2004; Milligan et al.,
2004; Cardinal et al., 2005; Ding et al., 2004, 2005a, 2008a,b, 2011; Alleman et al.,
2005; Reynolds et al., 2006b; Opfergelt and Delmelle, 2012; Opfergelt et al., 2006a,b,
2010, 2011a; Georg et al., 2007b, 2009a; Fripiat et al., 2011a; Hendry and Robinson,
2012; Hendry et al., 2010; Sun et al., 2013, 2014; Sutton et al., 2013; Panizzo et al., 2016)
and more systematical and meticulous pictures on silicon isotope distribution in natu-
ral environments are presented. Fourth, the applications of silicon isotope study have
been extended from rocks (Douthitt, 1982; Ding et al., 1996) and ore deposits (Jiang
et al., 1992, 1993, 1994) to the global silicon cycle (Yool and Tyrrell, 2003; Ding et al.,
2008a, 2011; Struyf et al., 2009; Bernard et al., 2010; Opfergelt and Delmelle, 2012;
Frings et al., 2016), paleo-environmental variations of the ocean (Robert and Chaus-
sidon, 2006; André et al., 2006; Steinhoefel et al., 2009; van den Boorn et al., 2007,
2010; Abraham et al., 2011; Marin-Carbonne et al., 2012, 2014; Geilert et al., 2014b;
Stefurak et al., 2015) and biological processes (De La Rocha, 2003, 2006; De La Rocha
et al., 1997, 1998, 2011; Varela et al., 2004; Milligan et al., 2004; Cardinal et al., 2005;
Ding et al., 2005a, 2008a,b; Alleman et al., 2005; Reynolds et al., 2006b; Opfergelt et
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al., 2006a, 2011a; Georg et al., 2007h, 2009b; Hendry and Robinson, 2012; Hendry et
al., 2010; Sutton et al., 2013; Panizzo et al., 2016). As a result, the published papers
on silicon isotope geochemistry have increased from tens articles before 1996 to thou-
sands of articles by 2016.
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2 Analytical methods of silicon isotope composition

The silicon isotope study started as early as in the 1950s of the twentieth century
(Reynolds and Verhoogen, 1953; Allenby, 1954). However, significant progress has not
been obtained until the 1970s of the twentieth century, when the mature silicon iso-
tope analytical methods, used SiF, as the working gas in IRMS (isotope ratio mass
spectrometer).

In the 1980s and 1990s of the twentieth century, the SiF, methods were modified
and their analytical precisions were improved to be better than +0.1%0 (Ding et al.,
1988a, 1996; De La Rocha et al., 1996), which made these methods suitable to a silicon
isotope study of the terrestrial samples.

In the early years of the twenty-first century, a new silicon analytical method us-
ing a multi-collector inductively coupled plasma mass spectrometer (MC-ICPMS) has
been established (De La Rocha, 2002; Cardinal et al., 2003; Georg et al., 2006a; Chmel-
eff et al., 2008). This method does not require reaction of silica with a highly reactive
gas (BrF; or F,+HF) (De La Rocha, 2002; Georg et al., 2006a) and is much less time
consuming (De La Rocha, 2002). After several steps of modification, the precision of
the silicon isotope determination of this method has reached the same level as the
SiF, method (Reynolds et al., 2006a). For these reasons, it has become the most pop-
ular method for silicon isotope analysis and has promoted the development of silicon
isotope geochemical studies in various fields.

In the meantime, significant progress has been reached with the silicon iso-
tope analytical method by using the secondary ion mass spectrometry (SIMS), which
started to work with in situ Si isotope determination in the 1980s during the past
century. Due to the relatively low precision of determination in the early stage, the
application of this method was limited in the studies of meteorites, which show larger
silicon isotope variation than those of terrestrial materials (McKeegan et al., 1985;
Zinner et al., 1987, 1989; Stone et al., 1991; Hoppe et al., 1993, 1995; Lugaro et al.,
1999). However, as significant improvement has been reached in the related instru-
ments and methods in recent years, this method is now applied gradually to in situ
silicon isotope determination of terrestrial materials, such as the quartz in a banded
iron formation (BIF) and in chert beds (Marin-Carbonne et al., 2011; Chakrabarti et
al., 2012; Heck et al., 2011).

Looking back into the history, there is no doubt that the establishment and im-
provement of the analytical method plays an important role in the development
of the silicon isotope geochemistry. In this chapter, the present status, advantages
and disadvantages of various silicon isotope analytical methods are discussed in
detail.

https://doi.org/10.1515/9783110402452-002
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2.1 Gas source isotope ratio mass spectrometric analysis of
silicon isotopes

The silicon isotope analytical method by using the gas source isotope ratio mass spec-
trometer (IRMS) was firstly reported by Reynolds and Verhoogen (1953). Although
there are a number of varieties, these methods have a common aspect in which sam-
ples of various types are transformed to SiF, before their silicon isotope compositions
are determined in an IRMS. There are two major reasons for using SiF, as the gas
for mass spectrometric analysis. Firstly, SiF,, is relatively easy for preparation and is
stable under laboratory conditions. Secondly, there is no need to make isotope correc-
tions with SiF,,, as fluorine only has one stable isotope. There are three methods that
have been used for SiF, preparation: a) the BaSiF, decomposition method (Reynolds
and Verhoogen, 1953; De Biévre and Valkiers, 1994; Valkiers et al., 2005); b) the direct
fluorination method using F,+HF (Epstein and Taylor, 1970) or BrF; (Clayton et al.,
1978; Ding et al., 1988a; Ding, 2004) as fluorination reagents and c) the laser probe
extraction method (De La Rocha et al., 1996). An introduction on the various methods
and a brief discussion on the advantages and disadvantages of these methods are
given in following subsections.

2.1.1 The methods of SiF, preparation for silicon isotope determination with IRMS

2.1.1.1 SiF, preparation by decomposition of BaSiF,

This method consists of two basic steps (Reynolds and Verhoogen, 1953): a) converting
the silicon in the sample to BaSiF¢, and b) decomposing BaSiF, to form SiF, for mass
spectrometric analysis.

Firstly, the silicon in mineral samples is converted to SiO, through standard an-
alytical procedures. Then 0.5 g of the SiO, is mixed with 2.5 g of sodium carbonate,
and is fused in a 20 mL platinum crucible, yielding a clear melt. After cooling, the so-
lidified melt is extracted as a pellet by pressing the crucible gently around the base.
This pellet dissolves in 15 mL of water to give a clear solution, and then add 30 mL
of concentrated perchloric acid into the solution and heating the solution on a hot
plate (swirling constantly to avoid bumping) until copious dense fumes of perchloric
acid have come off for ten minutes. When cooled, the solution solidifies to a gelati-
nous mass. It is taken up in 200 mL of water and brought to a boil. The precipitate of
gelatinous silica is then filtered and transferred to a polyethylene beaker with 60 mL
of water. Concentrated HF is added dropwise until the solution just clears reflecting
total conversion of the silica gel to fluorosilicic acid, H,SiF. About 20 mL of a solu-
tion containing 0.2 g of BaCl, - 2H,0 per mL is added to the clear solution. Under these
conditions, BaSiF precipitates while BaF, does not. To ensure complete precipitation
of the silicon, the beaker is allowed to stand overnight before filtering and drying the
BaSiF at 110°C.
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A series of analytical tests on the above procedure have been done to determine
the chemical yield. A typical test consists of starting with an accurately weighed
amount of silica, precipitating BaSiF, with a calibrated barium solution, weighing
the precipitate, and extracting and weighing the unreacted barium in the filtrate as
BaS0,. Within the accuracy of these tests (+2%), the following observations are made:
a) BaSiF; is the correct formula of the barium chloride precipitate when the above

procedure is adhered to strictly, i.e., occluded water and co-precipitated BaF, are

not present in the final precipitate.
b) The yield of BaSiF, always exceeds 95% of the theoretical yield calculated from
the amount of silica added at the start of the experiment.

This yield is sufficiently satisfactory for the method used in preparing samples for
mass spectrometric analysis. The final step is to weigh out 150 mg of the dried precipi-
tate into a short length of 10 mm Pyrex tubing, closed at one end. This tube is sealed to
a 75 mL Pyrex sample bulb fitted with a stopcock. The bulb is evacuated with a diffu-
sion pump for 12 hours or more, flaming gently from time to time in order to facilitate
the removal of water vapor. Then with the stopcock closed, the BaSiF is decomposed
by heating the bottom of the 10 mm tube vigorously with an oxygen-gas flame until
there is no further change visible in the solid material. The temperature of the glass is
brought to such a point in this beating that the glass softens and begins to melt around
the solid BaF, residue. Lastly, the lower half of the 10 mm tube is sealed with a torch
from the rest of the sample bulb. This can remove the BaF, residue and prevent any
recombination with the silicon that might be isotopic selective. Control experiments
show that the percentage decomposition of the BaSiF¢ by this scheme is 90%. The
SiF, obtained from the above steps is emplaced directly into the mass spectrometer
for isotope analysis.

The procedures of this method are relatively common in wet chemistry. The equip-
ment used in this method is simple and no elaborate techniques are needed. Correct
and meticulous operation of this method yields reliable analytical results. However,
there are problems with this method. Firstly, it needs relatively large amounts of the
sample (in g level). Besides, the procedure is time consuming and requires great care to
prevent silicon isotope fractionation, which can happen when thermal decomposition
of BaSiF is not complete. Furthermore, the produced SiF, may change its Si isotope
composition by reacting with the glass during the high temperature decomposition of
BaSiF¢. Due to these disadvantages, the BaSiF¢ method is rarely used in the routine
analysis of silicon isotopes except in some special cases. For example, this method
has been used at the Institute for Reference Material and Measurements (IRMM) to cal-
ibrate silicon isotope ratios of their silicon isotope reference materials and determine
the molar mass (atomic weight) of silicon (De Biévre and Valkiers, 1994; De Biévre et
al., 1994, 1995; Valkiers et al., 2005, 2011). In their studies, Cs,SiF, was chosen as the
form of silicon compound to prepare synthetic silicon isotope mixtures for calibration
of absolute silicon isotope ratios. Then the Cs,SiF, was converted to BaSiF,, which
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was loaded into an electro-polished stainless steel ampoule and decomposed to SiF,
for mass spectrometry analyses. These modifications are very helpful to improve the
precision of analysis.

2.1.1.2 SiF, preparation through direct fluorination

Different to the above mentioned BaSiF, method, the direct fluorination method does
not need an intermediate step of BaSiF, preparation. Instead, the silicon-bearing
rocks and minerals are reacted directly with a fluorinating reagent to produce SiF,,.
The first reagent used to react with silicates and prepare SiF,, for Si isotope analysis is
HF (Allenby, 1954). However, due to the difficulty in handling and the unsatisfactory
results, this reagent is no longer used. The most widely used reagents are F, + HF
(Taylor and Epstein, 1962) and BrF: (Clayton and Mayeda, 1963).

The mixture of F, + HF was firstly used as the fluorination reagent to extract O,
from silicate rocks for oxygen isotope analysis (Taylor and Epstein, 1962). This method
was modified to prepare and collect SiF, for silicon isotope analyses of lunar sam-
ples and meteorites (Epstein and Taylor, 1970) and terrestrial samples (Douthitt, 1982).
Similarly, the BrF; was also used at first in preparation of O, from silicates and ox-
ides for oxygen isotope analyses (Clayton and Mayeda, 1963). As BrF; has a low vapor
pressure (about 33 342 Pa) at room temperature, it is easily transferred and handled by
evaporation and condensation in a metal vacuum system. Besides, BrF; is an active
fluorination reagent, which can react with all kinds of silicates and oxides. In addi-
tion, the wastes and residues of the reaction process can be easily removed from the
apparatus. For these reasons, the BrF; fluorination becomes the most popular method
in preparing samples for oxygen isotope analyses of silicates and oxides. Later, this
method has been modified by adding cryogenic parts (ethanol slush to —-110°C and
dry ice bath to —78°C) to collect and purify SiF,, (Clayton et al., 1974) for silicon isotope
determination of meteorites and lunar rocks (Molini-Velsko et al., 1986). After further
modification, this method has become a conventional method for silicon isotope anal-
ysis of all kinds of terrestrial samples (Ding et al., 1988a, 1996; Ding, 2004).

A sample of the SiF, preparation line is illustrated in Figure 2.1, in which the sili-
con in silica and silicate samples is converted to SiF, through following reactions:

Si0, + 2BrFs = SiF,, + 2BrF; + 0, 2.1)
KAISi; Oy + 8BrFs = KF + AIF; + 3SiF,, + 40, + 8BrF, 2.2)

For making reliable isotope ratio measurements with a gas isotope mass spec-
trometer, the gas sample prepared must reproducibly represent the isotopic composi-
tion of the original sample. For silicon isotope determination by using SiF,, the key
points are to guarantee 100% yield and to protect the sample from contamination by
foreign silicon and other interfering impurities.
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Figure 2.1: SiF, Sample preparation line (Ding, 2004). R,—R: Reaction vessels; V,-V,,: Whity valves;
T,-Ts: Cold traps; CuT: Copper tube containing Zn particles; SB: Storage vessel for BrFy; ST: Sample
tube; LV: Low vacuum; HV: High vacuum.

Normally, the BrF; reagent contains impurities of CF,, SiF, and SF. (Figure 2.2) that
will interfere with isotope determination of SiF, and need to be purified beforehand.
The BrF; is purified through cryogenic vaporization and condensation at —78°C by
using a bath of a dry ice-acetone mixture. At this temperature, BrF; remains in the
solid phase, but the impurities, such as SiF,, SF¢ and CF,, are present in the vapor
phase and can be pumped out.

The SiF, preparation method can be used for any sample containing silicon for
isotopic analysis. However, different pre-treatment procedures are needed for different
types of samples (Ding, 2004). For silica and high purity silicates of containing little
or no C, S and B, no pre-treatment is needed. The sample can be fluorinated directly
after grinding.

For samples containing significant contents (>1%) of S, C and B, chemical pre-
treatment of the sample is necessary. When the impurities in the sample are carbon-
ates or acid soluble sulphides, the HCI dissolution method is used. When the sample
contains only graphite or organic carbon, high temperature oxidation and evaporation
are used to remove the contaminants. When the sample contains boron compounds,
sulphates or sulphides insoluble in HCI, wet chemical pre-treatment is required (Ding,
2004).
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Figure 2.2: Mass-scanning diagram showing the impurities in the BrF; agent, which can be frozen by
liquid N, but not by dry ice-acetone (Ding, 2004).

In the processes of SiF, extraction, three cycles of distillation and condensation at dry
ice-acetone and liquid nitrogen temperatures are used for separating SiF, from O,, N,,
BrF; and BrF;. Through these processes, the SiF, obtained will contain no impurities
of 0, and N,, but may contain trace amounts of BrF; and other active fluorine com-
pounds. These impurities will react with the glass and grease of the sample tube to
produce contaminants, such as SiF, and CF,, which will interfere with the isotopic
determination. For this reason, a new step for SiF, purification has been added. In
this step, the primary purified SiF, is passed through a heated (50°C-60°C) Cu tube
containing pure Zn particles, where BrF; and other active fluorine compounds (except
SiF,) react with Zn to form ZnF, and ZnBr,. After purification (Figure 2.3), the SiF, is
collected and ready for mass spectrometer analysis.

Compared with the BaSiF, method, the direct preparation method of SiF, reduces
the sample size to the mg level, simplifies the operation procedure, increases the speed
of sample preparation and improves the precision of the analyses. Hence, this method
has become the routine method in preparation of SiF, for silicon isotope analysis.

2.1.1.3 Laser probe extraction method for SiF, preparation
The Laser probe extraction method for SiF, preparation was firstly reported in 1996
(De La Rocha et al., 1996). The sample preparation line is shown in Figure 2.4. It con-
sists of two portions: a metal section for fluorination and a glass section for yield de-
termination and sample collection.

Purified fluorine for sample reaction is generated inside the vacuum line by heat-
ing potassium hexafluonickelate at ~350°C. Purified silica samples containing 15—
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Figure 2.3: Mass-scanning diagram of purified SiF, gas (Ding, 2004).
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Figure 2.4: Schematic SiF, preparation line with a laser microprobe device (De La Rocha et al.,
1996).

100 pmol of Si, are loaded into 0.5 cm deep wells drilled into a cylindrical nickel plate.
Pieces of pure quartz can be fluorinated directly. The finely powdered silica purified
through precipitation is melted under 1 atm of N, into lumps of glass before fluori-
nation. The CO, laser is mounted on a motorized x-y translation stage and set to fire
through a BaF, window on the top of the reaction chamber.

Samples are fluorinated under 0.1 atm of purified F, that has been passed through
a liquid nitrogen trap. Silica samples react with F, upon being heated by the laser set
to fire a continuous beam:

Si0, + 2F, — SiF, + 0, (2.3)
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Lasing of 1-3 mg samples takes approximately 10-20 min of continuous fluori-
nation. When lasing has completed, the resulting SiF, is collected in a coil cooled to
—195°C with liquid nitrogen. O, and F, are then pumped away through the coil. Any
water present either in the silica or in the reaction chamber during fluorination will
form HF, which may in turn form SiF, by etching the walls of the glass section of the
line. For making separation, the SiF, (and any HF) is transferred from cold trap #2
into the variable-temperature trap, which has cooled at least —183°C with liquid nitro-
gen. The variable-temperature trap is then heated to —140°C, distilling SiF, while HF
remains behind. Then the purified SiF, is collected for mass spectrometer analyses.

Another laser probe extraction method for SiF, preparation is established at the
Institute of Mineral Resources (IMR) (Gao and Ding, 2009). Similar to the above men-
tioned method (De La Rocha et al., 1996), the CO, laser is used to fire through a BaF,
window on the top of the reaction chamber to make the reaction. However, BrF; is used
as the reagent to react with samples. The mineral grains of quartz, garnet and olivine,
containing 5-20 pmol of Si, are loaded into 3 mm deep wells drilled into a cylindrical
nickel plate. Lasing of 0.5-1 mg samples takes approximately 2-5 min of continuous
fluorination.

2.1.2 Mass spectrometry analysis

The SiF,, obtained from the above process is normally analyzed for its isotopic compo-
sition in a Nier-type gas mass spectrometer with multi-collector and dual inlet system,
such as MAT-251 EM, MAT-252 and MAT-253. As mentioned above, silicon has 3 stable
isotopes: 28Si, 2Si and 2°Si. Similar to the isotope compositions of other elements, the
silicon isotope compositions are expressed as the § values related to certain standard,
ie.,

62Si(%o0) = [(**Si/?Si)g, /(*Si/?Si)g, - 1] x 10° Q.4)
8°Si(%0) = [(*°Si/%Si), /(*°Si/?Si)g, — 1] x 10° (2.5)

where St indicates standard and Sa indicates sample. The most commonly used stan-
dard is NBS-28 (Clayton et al., 1978; Ding et al., 1988a, 1996; Ding, 2004; Molini-Velsko
et al., 1986), although the sample of rose quartz was also used as the silicon iso-
tope standard in some laboratories previously (Douthitt, 1982; Taylor and Epstein,
1973a).

The most abundant SiF;* ions are normally used in silicon isotopic determina-
tion. Three collectors are simultaneously used to collect 8SiF;*, ?SiF;* and °SiF;*
at mass numbers of 85, 86 and 87. Dual inlet system allows rapid switching between
sample gas and reference gas. The reproducibility of mass spectrometer measurement
is better than +0.01%o.
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Besides, a specially modified MAT-271 type of gas isotope mass spectrometer is
used in the IRMM to calibrate the silicon isotope ratios of the silicon isotope refer-
ence materials and determine molar mass of silicon (De Biévre and Valkiers, 1994; De
Biévre et al., 1994, 1995; Valkiers et al., 2005, 2011). This mass spectrometer has a sin-
gle molecular-flow inlet system and single collector. The 28SiF;*, 28SiF;* and *°SiF;*
ions are measured by peak scanning.

2.2 Multi-collector inductively coupled plasma mass
spectrometric (MC-ICPMS) analysis of silicon isotopes

The introduction of the inductively coupled plasma (ICP) in the 1970s of the twenti-
eth century was a significant contribution to the field of multi-element trace analysis,
because of its high detection power and rapid sample throughput without requiring
extensive sample preparation. The application of multi-collector inductively coupled
plasma mass spectrometry (MC-ICPMS) offered important advantages over the con-
ventional methods, such as more time efficient, safer sample preparation techniques
and higher sample throughput (De La Rocha, 2002). However, the use of MC-ICPMS
has been associated with difficulties in accurately measuring 305i (De La Rocha, 2002;
Cardinal et al., 2003), due to the presence and magnitude of the polyatomic interfer-
ence consisting of “N'°0 on the 3°Si isotope and also analytical difficulties originating
from potential matrix effects during the isotopic analyses. However, as these analyti-
cal difficulties are overcome gradually, MC-ICPMS constitutes the most widely applied
technique in recent years (De La Rocha, 2002; Cardinal et al., 2003, 2005; Georg et al.,
2006a; Reynolds et al., 2006a, 2007; André et al., 2006; Engstrom et al., 2006; Opfer-
gelt et al., 2006a; Van den Boorn et al., 2006).

2.2.1 Sample preparation

For making silicon isotope determination with MC-ICPMS, the sample needs to be con-
verted to suitable forms for measurement. So far, there are three different forms to be
used: H,SiF¢ solution, H,SiO, solution and original material of minerals and glass
(for the laser ablation method).

2.2.1.1 Preparation of H,SiFg

The H,SiF solution was firstly used as the form for silicon isotope determination with
MC-ICPMS in 2002 (De La Rocha, 2002). In this experiment, the silica samples and
standards are dissolved in 0.25 M HF, with Si concentrations kept below 40 mM to
avoid formation of the volatile SiF,. The NBS-28 and other pure silica samples are used
without further cleaning. The organics of diatom sediment and sponge spicules are
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cleaned before dissolution. After dissolution in HF, samples are diluted to 10 ppm Si
(in the form of H,SiF,) in a 0.12 M HCl solution. The method of extracting Si from plants
includes three separate steps (Engstrom et al., 2006): a) removal of organic matter in
a mulffle furnace at 550°C; b) hydrofluoric acid dissolution of the residue; c) chemical
purification based on anion-exchange chromatography. Since induced fractionation
might be introduced during the sample dissolution if Si is lost as SiF,, (g) (De La Rocha
et al., 1996; Iler, 1979), the added amount of hydrofluoric acid must be carefully cho-
sen.

2.2.1.2 Preparation of H,SiO,

In preparation of the H,SiO, solution for silicon isotope determination, the silicate
minerals and rocks need to be decomposed and dissolved first. To avoid the use of
HF, an alkaline fusion is used to dissolve silicates instead of attacking them with HF.
Through this way, solid silicate samples are transformed into an aqueous and HF-free
solution, which can be processed as water samples (Georg et al., 2006a). For this pur-
pose, a fusion procedure is deployed using a solid sodium hydroxide (NaOH) flux. It
just forms NaCl and H,0 by neutralization with HCI (Georg et al., 2006a).

Fusion of 1-20 mg of the powdered silicate material and about 200 mg of the solid
NaOH flux is carried out in Ag crucibles for 10 min at 730°C in a muffle furnace (Georg
et al., 2006a). After slight cooling, the crucibles and fusion cake are dropped directly
into 30 mL Teflon vials containing 20 mL MQ-e water, in which the fusion cake dis-
solves. An ultrasonic probe is used to agitate the water for a few minutes to aid disso-
lution. After 24 h, the crucible contents are washed through PTFE funnels into a weakly
acidified solution with a molarity of 0.12 HCl. To ensure the fusion cake is completely
transferred, the crucibles are rinsed several times with water. The ratio of flux to acid
is approximately 3.1 mL of a 10 M HCl or 2.2 mL of a 14 M HNO; for 200 mg NaOH flux.
Final solutions of 0.5 to 1.0 L are stored in pre-cleaned FEP hottles, with Si concentra-
tions between 1 and 20 ppm.

2.2.1.3 Chromatographic separation of Si
The silicon in solutions of decomposed silicate and plants and acidified river water
samples are all separated and purified by going through chemical processes.

One way to separate Si from an ambient ionic species is based on an anion-
exchange process (Engstrém et al., 2006; Wickbold, 1959). To make Si exchangeable
with the anion resin, it needs to be converted to the weak divalent acid H,SiF4 that
dissociates to the exchangeable anionic species SiF¢?~. The Si recovery is in excess
of 97% and Si becomes effectively separated from the ambient ionic species. The
disadvantage of this method is the requirement of using HF.

Another way is based on a cation-exchange process (Georg et al., 2006a). The pre-
vailing species of dissolved Si in natural waters is essentially non-ionic monosilicic
acid Si(OH),, which is in equilibrium with the anionic silicate species H;SiO,~ for
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the pH range from 2 to 8. Thus, cation-exchange columns will not retain either Si
species. The Si separation and purification is achieved using the BioRad cation ex-
change resin DOWEX 50W-X12 (200-400 mesh) in H* form, filled to a 1.8 mL resin
bed in BioRad columns (Georg et al., 2006a). The resin is cleaned before use by mul-
tiple rinsing with HCl and HNO; and MQ-e water. Before loading the sample on the
resin, the eluting water is checked for a neutral pH to ensure complete removal of
any acids. Since the prevailing Si species do not bind to the resin, the used elute
is simply MQ-e water. The cation exchange resin effectively retains all the ambient
cationic species. This chromatographic method allows relatively small amounts of
the sample to be processed. The amount of Si used (Georg et al., 2006a) is approxi-
mately 80 times less than that used for the anion exchange approach (Engstrom et
al., 2006). This procedure is used to process both fused solutions and acidified river
water samples. Using this procedure, a set of river water samples can be completely
processed through the columns within 4 h, including the pre-cleaning steps (Georg et
al., 2006a).

2.2.1.4 Sample preparation of LA-MC-ICPMS analysis

For silicon isotope determination with laser ablation MC-ICPMS, the samples are
mounted to a sample holder in the form of polished blocks, thin sections or as the
original, unmodified material (Chmeleff et al., 2008).

Shahar et al. (2011) uses a 193 nm excimer as the tool of laser ablation, which op-
erates with a pulse repetition rate of 2 to 5 Hz and UV fluence of ~22 J/cm?. The cylin-
drical ablation pit diameters vary between 86 pm and 172 pm and are approximately
30-50 pm deep. Ablation products are flushed from the ablation cell in a flow of He gas
and then mixed with Ar and N, gas before the introduction to the mass spectrometer.
Accuracy of isotope ratios is found to be dependent on the distance of the torch from
the sample cone of the mass spectrometer. This is a phenomenon that is widely un-
derstood as the result of changing the position within the plasma at which the sample
is introduced (Pearson et al., 2008).

In another case, Chmeleff et al. (2008) uses an in-house built laser ablation system
based on a 100 fs Ti-Sapphire regenerative amplifier system (Horn and von Blancken-
burg, 2007). The output of the amplifier is 1.1 mJ/pulse at a wavelength of 785 nm.
BBO (Barium-beta borate) crystals convert the fundamental wavelength into the UV
range. The final output comprises two usable laser beams of different wavelengths
with a pulse duration of about 200 fs: 196 nm with 0.03 m]J/pulse and 262 nm with
0.25 mJ/pulse. After frequency conversion, the laser beam is focused onto the sam-
ple material that is mounted to a sample holder as polished blocks, thin sections
or as the original, unmodified material. The sample material together with the stan-
dards are placed in a 25 cm® cell made of Pyrex that has three gas inlets with a noz-
zle size of 0.5 mm and a gas outlet of 6 mm in diameter. That cell permits to min-
imize volume and maximize area to fit calibration standards together with a stan-
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dard size thin section, which is essential when using the standard-sample bracket-
ing technique. The spot location and visualization is carried out using a New Wave
Femto XP stage/visualization system. The spot size can be varied from 50 pm to 2 um.
This system also allows fast spot location changes for the standard bracketing tech-
nique.

2.2.2 Silicon isotope determination by MC-ICPMS

As shown in Figure 2.5, the MC-ICPMS consists basically of 6 parts: (1) plasma region;
(2) interface region and transfer optics; (3) electrostatic analyzer; (4) analyzer gate;
(5) magnetic analyzer; (6) detector.

Figure 2.5: Schematic presentation of the high-resolution MC-ICP-MS Neptune; (1) plasma region;
(2) interface region and transfer optics; (3) electrostatic analyzer; (4) analyzer gate; (5) magnetic
analyzer; (6) detector.

As mentioned above, the major disadvantage of MC-ICPMS measurement of silicon
isotopes during the early stage of the development of this method is the difficulties in
accurately measuring 3°Si (De La Rocha, 2002; Cardinal et al., 2003), due to the pres-
ence of isobaric interferences formed within the ICP source. As the new instrument
with high mass resolution power (MRP) appears, this analytical difficulty has been
overcome (Figure 2.6).
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Figure 2.6: Mass scans of 28Si, 2°Si and 3°Si showing that interferences are resolved for the three
isotopes and that the interference-free plateaus are of sufficient width to allow for precise measure-
ments. The sample used is IRMM-017 (pure Si), with a repetition rate of 25 Hz. After Chmeleff et al.,
2008.

2.2.2.1 Analysis of H,SiF,

In the first practice of silicon isotope determination with MC-ICPMS (De La Rocha,
2002), the H,SiF, solution is used as the form for silicon isotope determination and
the measurement is carried out in an instrument manufactured by Nu Instruments
Ltd. This mass spectrometer combines a double-focusing Nier-Johnson analyzer with
variable dispersion ion optics, allowing the use of a fixed static array of Faraday col-
lectors (Belshaw et al., 1998). RF power is set at 1200 W, and samples are introduced
through a HF-resistant PFA nebulizer, a HF-resistant, low-volume spray chamber and
a ceramic and alumina fully demountable torch in order to avoid high silicon blanks
associated with quartz nebulizers, spray chambers and torches. Desolvation of solu-
tions containing Si and F results in the disappearance of silicon (most likely as SiF,
gas) and is thus rejected as a method of sample introduction for Si analysis. Beams of
masses 28, 29 and 30 are monitored on the innermost, axial and outermost Faraday
collectors, respectively. Backgrounds for each sample are monitored using 0.12 M HC]
solutions containing the same amount of HF as the sample in question. The measured
backgrounds are then subtracted from the peak intensities of the sample. Instrumen-
tal mass fractionation is corrected for by standard-sample-standard bracketing. Iso-
tope ratio variations are reported as 6*°Si or 6°°Si (De La Rocha, 2002).

2.2.2.2 Analysis of H,SiO,

At the present stage, the H,SiO, solution is the major form for silicon isotope determi-
nation with MC-ICPMS (Georg et al., 2006a). The Nu Plasma 1700 and Neptune, which
have high resolution capacity, are the most common instruments to be used. A mass
resolution power (MRP) of 2000 (m/Am at 10% peak valley) allows for a separation
of the three Si* ion beams from all major polyatomic interferences, such as 2C1°0*,
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UNVN*, ¥NN*, “NY“NH* and “N'®0*. The unique high resolving power of the Nu
Plasma 1700 and Neptune allows for the isolation of interferences to both the high
and low mass sides of the Si* peak while maintaining flat-topped peaks. Furthermore,
SiH* and Fe?* interferences can be resolved. All three Si peaks are measured simul-
taneously in a static mode with Faraday collectors. The mass bias of the Nu Plasma
1700 is very stable with a drift in 3°Si/?8Si of standard solutions of < 1%o over 60 h. It
is corrected by standard-sample bracketing. External mass bias correction using Mg
isotopes was proposed (Cardinal et al., 2003; Engstrom et al., 2006), but it has been
later rejected due to the significant differential behavior of Si and Mg isotopes within
the plasma (Georg et al., 2006a).

2.2.2.3 LA-MC-ICPMS determination of silicon isotopes

The Neptune MC-ICPMS (Weyer and Schwieters, 2003) is used more frequently (Chmel-
eff et al., 2008; Shahar et al., 2011) for measuring the silicon isotopic ratios of the
laser ablation products of silicates and metals. Three Faraday collectors are spaced
to collect 28Si*, 2Si* and *°Si* simultaneously. Potential mass interference species
(2c’®0*, 28N,*, 28SiH* and “N'0") are resolved by operating at a MRP of ~8 000.
Corrections for instrumental mass bias are performed by sample-standard bracketing
using San Carlos olivine (Shahar et al., 2011), IRMMO17 and NBS28 (Chmeleff et al.,
2008) as an in-house standard. Isotope analyses are corrected by subtracting a pre-
ceding on-peak background measurement.

Ablation products are flushed from the ablation cell in a flow of He gas and then
mixed with Ar and N, gas before the introduction to the mass spectrometer. The addi-
tion of the nitrogen gas is essential to increase the sensitivity of the instrument. In the
meanwhile, it also increases the background (especially m/z = 28). As the intensity of
the three beams is large relative to the background and the background is stable, re-
sulting from a steady flow of N,, on-peak subtraction of the background is used for all
measurements. By ablating a synthetic glass prepared with 1% 28Si spike (Shahar and
Young, 2007), the accuracy of isotope ratios is found to be dependent on the distance
of the torch from the sample cone of the mass spectrometer. This phenomenon is ex-
plained as the result of changing the sample introduction position within the plasma
(Pearson et al., 2008). As the torch moves away from the cones, the temperature of
plasma decreases and the mass bias is changed. While this is not much of a problem
for solutions, laser ablation is especially sensitive to the torch position. For example,
in laser ablation runs, standard and sample do not have the same matrix composition
and, therefore, standard sample bracketing does not compensate for the torch being in
a less than optimal position. Accordingly, in order to ensure accuracy, the torch posi-
tion is finely tuned several times each day using materials of a known isotopic compo-
sition. In practice, the optimal torch position is found to be stable for a day to several
days. Precision of the LA-MC-ICPMS analyses is on the order of +0.4%o for §>°Si. NBS-28
and IRMMO17 are mostly used as calibration samples in the Si isotope determination
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with fs LA-MC-ICPMS (Chmeleff et al., 2008). Meanwhile, an in-house standard, such
as the San Carlos olivine, is also used for calibrating the measurement results (Shahar
et al., 2011). In the measurement made by using a fs LA-MC-ICPMS, signal intensities
of standards and samples are matched using variable repetition rates of the laser so
that any residual Si background level is cancelled out (Chmeleff et al., 2008). Since
different matrices are investigated, such as the diopside composition glass or olivine,
both of which contain less Si than the quartz that is used for standardization (NBS-28),
repetition rates are increased accordingly. Typically, pure Si (IRMM-017) is measured
with a repetition rate of 30 Hz, whereas quartz (NBS-28, SiO,) is measured with a repe-
tition rate of 80 Hz. For minerals like olivine, the repetition rate used is as high as 120
Hz. For diopside glass, the rate is usually 150 Hz.

In the determination process of using a fs LA-MC-ICPMS (Chmeleff et al., 2008),
the instrument is optimized (gas flows and ion optics) on a daily basis in order to
achieve the highest sensitivity and signal stability as well as the best peak shape of
285j. The stability and flatness of the isotope’s plateaus are checked prior to the mea-
surements. The plateau width on #’Si and *°Si are ~150 ppm. The instrument requires
2 h for stabilization after plasma ignition and laser tune-up.

The sample consumption per measurement is estimated to be ~36 x 10> pm?> for
quartz and ~67.5 x 10° um? for materials with less Si (Chmeleff et al., 2008). The weight
of the Si consumption in quartz can be calculated to be ~50 ng per sample (Chmeleff
et al., 2008).

The reproducibility of the laser ablation methods is estimated to be +0.24%o (2std)
for 63°Si, and +0.15%o (2std) for 6?°Si (Chmeleff et al., 2008).

2.3 Secondary ion mass spectrometry analyses

The secondary ion mass spectrometer (SIMS) was developed in the 1970s of the twen-
tieth century (Andersen, 1970; Bakale et al., 1975; Giletti et al., 1978; Lee et al., 1977;
Lovering, 1975; Yund and Anderson, 1974). Differing to IRMS, thermal ionization mass
spectrometer (TIMS) and ICPMS, it measures secondary ions instead of the primary
ions (Figure 2.7). In SIMS, secondary ions are produced by the ion bombardment on
the surface of the sample to be analyzed. Firstly, the samples of the rock chips are cut
from a drill core and hand samples with a water-cooled diamond saw, cleaned with
distilled water and embedded in the epoxy plugs. Prior to SIMS analyses, all samples
are carbon-coated and imaged with a scanning electron microscope (SEM) in backscat-
tered electron (BSE) and secondary electron (SE) modes. After SIMS analyses, all SIMS
pits and surrounding areas are imaged in BSE, SE to determine the accuracy in place-
ment of the ion beam. Data from pits containing a mixture of minerals, large cracks
or large cavities are rejected. Then the epoxy plugs with samples are put in a sample
holder of the SIMS. Focusing of the bombarding ions into a fine beam allows in situ
analysis of individual mineral phases.
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Figure 2.7: A schematic diagram of a secondary ion mass spectrometer. Modified from Kozdon et al.
(2011).

The main advantages of the technique are high sensitivity, small sample size and mea-
surement of elements that are difficult to analyze by other techniques. However, there
are also problems with this technique, such as the interference of molecular ions with
the atomic ions of interest, large variation of the ionization efficiencies of different
elements and so-called matrix-effect.

Several types of SIMS, such as the IMS 3f, IMS 1270, IMS 1280, Nano-SIMS and
the Sensitive High Mass Resolution Ion Microprobe (SHRIMP) have been applied to
isotopic measurements on extra-terrestrial material and terrestrial rocks. The appli-
cation includes U-Pb dating of individual zircons and the study of the distribution of
Phb, S, H, C, O, Mg, Si isotopes in a number of minerals (Santosh et al., 2012; Kita et
al., 2012; Girard et al., 2001; Russell et al., 2010; Kozdon et al., 2010; Arehart et al.,
1993; Spetsius et al., 2009; Whitehouse et al., 2005). A schematic diagram of a SIMS is
illustrated in Figure 2.7. The general aspects of isotopic measurement with SIMS have
been described in detail (McKeegan et al., 1985; Clement and Compston, 1989).

SIMS was firstly used for silicon isotope determination in 1985 on individual inter-
planetary dust particles (McKeegan et al., 1985). In the 1980-1990s of the last century,
SIMS was mainly used on silicon isotope determination of SiC from meteorites (Zinner
et al., 1987, 1989; Stone et al., 1991; Hoppe et al., 1993, 1995; Lugaro et al., 1999). In
this century, the SIMS method for silicon isotope determination has been used more
frequently to terrestrial samples or laboratory experimental samples, such as the Pre-
cambrian chert (Marin-Carbonne et al., 2011; Chakrabarti et al., 2012), the quartz band
in banded iron formation (BIF) (Heck et al., 2011), and the CAI-like vacuum evapora-
tion residues (Knight et al., 2009).

printed on 2/10/2023 8:05 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

2.3 Secondary ion mass spectrometry analyses = 25

Silicon isotopes can be measured as positive (McKeegan et al., 1985; Clayton et al.,
1991) or negative ions (Zinner et al., 1987, 1989). The positive ions are generated by us-
ing the O~ primary beam and the negative ions are generated by using Cs* primary
beam. It is found that negative secondary ions gave a higher ion yield and less in-
strumental mass fractionation than positive ones (Knight et al., 2009). Thus, the Cs*
primary beam has been used more frequently recently, especially when silicon and
oxygen isotopes of chert and quartz are determined simultaneously (Marin-Carbonne
et al., 2011; Heck et al., 2011).

The characters of some secondary ion mass spectrometers are listed in Table 2.1.
Now the commonly used instruments for silicon isotope determination are IMS 1270
and IMS 1280. The current of primary Cs* beam vary from 2.5-3.0 nA (Heck et al., 2011)
to 8-30 nA (Marin-Carbonne et al., 2011). The diameter of the rastered field is normally
10-25 pm. The MRP used varies from 2200 to 4 000 (Heck et al., 2011; Knight et al.,
2009; Marin-Carbonne et al., 2011), depending on the required accompany analysis of
isotopes other than Si. The analytical precisions can be reached are 0.30%. for 6°°Si
(2std) at the present stage (Heck et al., 2011).

Table 2.1: The characters of some secondary ion mass spectrometers.

Type of Sample Primary Current Rastered MRP Precision Reference
instrument beam  (nA) diameter (%o) (2std)
(um)

IMS-3f SiC 160- 0.2-0.5 20 3000-2400 33°Si: <+2 Stoneetal.
(1991)

IMS-3f SiC Cs* ~0.1 20 ~3500 8°°Si: +4  Stoneetal.
(1991)

IMS 1270 cherts Cs* 8-30 25 ~4000 8°°Si: +0.6 Marin-Carbonne
etal. (2011)

IMS-1280 BIF Cs* 2.5-3 10-15 2200 6°°Si: +0.30 Hecketal.
(2011)

IMS-1280 evaporation Cs* 5 10 2200 62°Si: +0.32 Marin-Carbonne

residues 0°°Si: +0.52 etal. (2011)

As for the LA-MC-ICPMS determination, proper correction on the “matrix effects” is
very important to obtain accurate determination of the silicon isotope by using the
SIMS method. It is known that for a number of elements, especially for silicon (Knight
et al., 2009), the instrumental mass fractionation (IMF) varies as the chemical com-
position of sample changes. Such variations are often referred to as “matrix effects™.
The best way to make the proper correction on the “matrix effects” is to compare the
data of the sample directly with that of the standard that has similar chemical compo-
sition. It has been found that there is no significant matrix effect between quartz and
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chert (Marin-Carbonne et al., 2011), but the matrix effect in silicon isotope determina-
tion of the CAI-like vacuum evaporation residues is significant (Knight et al., 2009). In
order to correct data of evaporation residues for matrix effects, a set of chemically and
isotopically homogeneous glasses with bulk chemical compositions similar to those
of the evaporation residues has been prepared and their silicon isotope compositions
are calibrated. By examining the relationship between a number of compositional pa-
rameters and silicon isotope compositions, a proper correction on the matrix effects
can be obtained.

2.4 Standards and reference materials for silicon isotope
measurement

Generally, stable isotope compositions are expressed as the § values related to a cer-
tain standard. Thus, preparation of related standards is critical to establish the basis
and scales for isotope ratio measurements and obtain comparable results of isotope
compositions. Two samples, i.e., NBS-28 and rose quartz, have been used as stan-
dards for silicon isotope compositions (Epstein and Taylor, 1970; Clayton et al., 1978;
Douthitt, 1982; Ding et al., 1988a; De La Rocha et al., 1996; Ding, 2004). Besides, a
number of other reference materials and in-house working standards have been pro-
posed and used in various laboratories for different applications. The characters of
some standards, reference material and in-house working standards for silicon iso-
topes are listed in Table 2.2.

NBS-28 is a sample of quartz sand distributed by the National Institute of Stan-
dards and Technology, USA (NIST) as an oxygen isotope reference material for sili-
cates. It is used firstly in the laboratories of the Chicago University as silicon isotope
reference material. Then this sample has been adopted in IMR and a number of other
institutions as a standard of silicon isotope compositions. It is proven to be homoge-
neous in its silicon isotope compositions and is accepted as an international standard
of silicon isotope compositions (Clayton et al., 1978; Ding et al., 1988a; De La Rocha et
al., 1996; Ding, 2004; Chmeleff et al., 2008; Reynolds et al., 2007; Coplen et al., 2002).

Rose quartz is a quartz sample used in the California Institute of Technology as a
reference material for oxygen and silicon isotopes. This sample has been measured in
several laboratories, and its §°°Siygg,g value (Table 2.2) is found to be slightly inho-
mogeneous (De La Rocha et al., 2000; Molini-Velsko et al., 1986; Georg et al., 2007a).
IRMM 018 is a quartz sample distributed by IRMM. This sample has been measured
by several laboratories with IRMS and ICPMS (Ding, 2004; Ding et al., 2005b; Chmel-
eff et al., 2008; De Biévre et al., 1994; Reynolds et al., 2006a, 2007; Van den Boorn
et al., 2006) and its silicon isotope composition has been found very inhomogeneous
(Chmeleff et al., 2008; Reynolds et al., 2007). Besides, this sample has already been
exhausted (Valkiers et al., 2005). IRMM 018a is another quartz sample distributed by
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Table 2.2: The 3°°Siy,s.,5 values of some reference materials and working standards for silicon

isotopes

Sample Typeof  Originofthe  8%°Siygs,s  0°°Siygs.s  Reference

No. sample  sample (%o) (2std) (%o) (2std)

NBS-28 Quartz NIST, USA 0 0 International standard
Rose Quartz Quartz Caltech, USA —-0.28(+0.2) Molini-Velsko et al. (1986)

—0.30(+0.2) De La Rocha et al. (2000)
-0.1(x0.1) Georg et al. (2007a)
0.26(+0.75) Basile-Doelsch et al. (2005)
0.05(+0.08) 0.10(£0.13) Chmeleff et al. (2008)
IRMM-017  Simetal IRMM, EU -0.63 -1.28(+0.06) Coplen et al. (2002)
—-0.72(x0.06) -1.33(+0.06) Dingetal. (2005b)
—0.65(+x0.14) -1.25(+0.24) Chmeleff et al. (2008)

IRMM-018 Quartz IRMM, EU 0.0(+0.1) Ding (2004)
—-0.03(+0.06) -0.05(+0.06) Ding et al. (2005b)
0.79 1.58 De Biévre et al. (1994)

—0.83(x0.1) -1.61(+0.14) Reynolds et al. (2006a)
-0.90(x0.1) -1.75(+0.25) Van den Boorn et al. (2006)
—-0.85(+0.14) -1.62(+0.22) Reynolds et al. (2007)
IRMM-018a Quartz IRMM, EU 0.08(+0.12) -0.05(+0.16) Valkiers et al. (2005)

RNl Nt Rl N

SRM-990 Simetal NIST, USA 0.30(+0.06)  0.58(+0.08) Ding et al. (2005b)
GBW-04421 Quartzin IMR, CAGS —-0.02(+0.1) Wan et al. (1997)
Quartzite —0.02(+0.08) -0.04(+0.08) Dingetal. (2005b)
GBW-04422 Sio, IMR, CAGS -2.68(+0.1) Wan et al. (1997)
reagent -1.36.(+0.08) -2.65(+0.08) Ding et al. (2005b)
Big Batch Sio, Marine Science  -5.39(+0.3) -10.52(+0.41) Van den Boorn et al. (2006)
Institute, USCB,  —5.35(+0.3) -10.48(+0.54) Reynolds et al. (2007)
USA -5.29(+0.82) Cardinal et al. (2003)
Sponge Sio, Atlantic -1.10(+0.19) -2.17(+0.32) Chmeleff et al. (2008)
needles Ocean
San Olivine Arizona, USA -0.41(+0.11) -0.81(+0.19) Chmeleff et al. (2008)
Carlos
Olivine
JER- Diopside Geoinstitute, 0.00(+0.09) Chmeleff et al. (2008)
diopside glass Bayreuth,
glass Germany
uwQ-1 quartz Univ. of —0.03(+0.08) Hecketal.(2011)
Wisconsin

IRMM to replace IRMM 018 (Valkiers et al., 2005). The silicon isotope composition of
IRMM 018a is very close to that of NBS-28 (see Table 2.2).

GBW-04421 is a quartz sample separated from a Proterozoic quartzite, which has
a silicon isotope composition similar to that of NBS-28 (see Table 2.2). GBW-04422 is a
sample of Si0, chemical reagent, which has a silicon isotope composition much lower
than that of NBS-28 (see Table 2.2). These two samples are prepared by IRM and have
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been granted to be national standard materials for silicon isotope compositions in
China (Wan et al., 1997; Ding, 2004; Ding et al., 2005b). Both of these two samples are
homogeneous isotopically and have been used in China for more than 20 years.

IRMM-017 is a silicon metal sample distributed by IRMM, which has a silicon iso-
tope composition slightly lighter than that of NBS-28. This sample has been used in
several laboratories as silicon isotope reference material for silicon metal samples and
is proven to be homogeneous isotopically (Ding et al., 2005b; Chmeleff et al., 2008;
Coplen et al., 2002). SRM-990 is a silicon metal sample distributed by NIST, which
has a silicon isotope composition slightly heavier than that of NBS-28. It is found that
SRM-990 is homogeneous isotopically (Ding et al., 2005b; Coplen et al., 2002), and is
suitable as a reference material for silicon metal samples.

Big Batch is a highly fractionated SiO, material prepared at the Marine Science
Institute, University of California Santa Barbara. This sample has very light and ho-
mogeneous silicon isotope composition and can be used as a reference material to
set the scale for silicon isotope calibration (Cardinal et al., 2003; Georg et al., 2006a;
Chmeleff et al., 2008; Reynolds et al., 2007; Van den Boorn et al., 2006).

The samples of San Carlos Olivine (olivine mineral), JER-diopside glass (glass with
diopside composition), UWQ-1(quartz) and Sponge needles (SiO,) are all in-house
working standards, which are prepared for making correction of the “matrix-effect” in
silicon isotope determination with LA-MC-ICPMS and SIMS (Georg et al., 2006a; Heck
et al., 2011).

According to the condition described above, significant progress has been
achieved in preparation and calibration of silicon isotope standards and reference
materials. However, there is still a long way to go before a proper set of silicon iso-
tope reference materials is established. Firstly, a formal decision has to be made by
the authoritative international organization on which material will be chosen as the
international standard for silicon isotopes. Secondly, a set of reference materials on
silicon isotope compositions need to be established to set the scale for silicon iso-
tope measurement. Thirdly, a large number of working standards, including various
minerals and glasses with different chemical compositions, needs to be prepared and
their silicon isotope composition needs to be calibrated to satisfy the requirements
of making in situ silicon isotope determination on materials with different chemical
compositions by using LA-MC-ICPMS and SIMS.

Besides, calibration of “absolute” silicon isotope abundance ratios and revising
atomic weights of silicon in the reference materials are also important tasks. The pre-
cise determination of “absolute” silicon isotope abundance ratios has very important
significance to establish the basis and scales for silicon isotope determination.

Some research on this issue have been carried out in IRMM (Valkiers et al., 2005)
and IMR (Ding et al., 2005b). The results are summarized in Table 2.3. It seems that
there are some discrepancies between these results. More investigation has to be un-
dertaken to solve these problems.
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2.5 Comparison of different methods on silicon isotope analyses =—— 29

Sample 29gi/28si 30gi/28si Atomic weight Reference
of silicon
NBS-28 0.0507446 (26) 0.0341465(15) 28.08653(11) Dingetal.(2005b)
0.0508229 (20) 0.0335336(20) 28.08553(11) Valkiers et al. (2005)
SRM-990 0.0507603 (30) 0.0341670(21) 28.08658(13) Dingetal.(2005b)
IRMM-017 0.0507081 (30) 0.0341011(18) 28.08642(13) Dingetal.(2005b)
0.0507715(66) 0.0334889(78) 28.08541(15) De Biévre etal.(1994)
IRMM-018 0.0507431(30) 0.0341448(18) 28.08653(13) Dingetal.(2005b)
0.0508442 (48) 0.0335851(66) 28.08564(12) DeBiévreetal. (1994)
IRMM-018a  0.0508272 (20) 0.0335320(21) 28.08553(11) Valkiers et al. (2005)
GBW-04421 0.0507436 (33) 0.0341451(21) 28.08653 (14) Dingetal. (2005b)
GBW-04422 0.0506756 (33) 0.0340560 (21) 28.08632 (14) Dingetal.(2005b)

The uncertainties (2std) are given in brackets. They apply to the last two digits.

2.5 Comparison of different methods on silicon isotope analyses

From the above description, we can see that there are three major types of silicon iso-
tope analytical methods: IRMS, MC-ICPMS and SIMS. Each major type consists of sev-
eral subtypes of analytical methods. The general characters and major applications of
different methods are summarized in Table 2.4.

The IRMS determination method includes 4 subtypes of analytical methods: a)
BaSiF, decomposition; b) reaction with (F,+HF); ) reaction with BrF; and d) reaction
with (F,+HF) or BrF; under Laser heating.

The BaSiF decomposition method needs relatively large amounts of the sample
(in g level), and its chemical procedure is time consuming and requires great care to
prevent silicon isotope fractionation. Thus, this method is rarely used in the routine
analysis of silicon isotopes. At present, it is only used to make the determination of
“absolute isotope ratios” and atomic weight of silicon (De Biévre and Valkiers, 1994;
Valkiers et al., 2005). However, some effort has been made to produce SiF, by using
the acid decomposition of cesium hexafluosilicate and make the automated determi-
nation of silicon isotope compositions (Brzezinski et al., 2006).

The SiF,, preparation method by reaction with (F,+HF) needs also a relatively large
sample and the precision of the method is not good enough (Epstein and Taylor, 1970;
Douthitt, 1982). Thus, this method was only used in the 1970s and 1980s of the twen-
tieth century. Since the 1990s of the twentieth century, no results obtained with this
method have been reported.

The SiF, preparation method by reacting with BrF; can analyze a relatively small
size of samples (containing about 2 mg of SiO,) with high precision (+0.10%., 2 std)
(Ding, 2004; Ding et al., 2005b). All pure silica and silicate minerals can be fluorinated
directly by BrF;. All silicon-bearing materials (such as water samples, soils, plants, di-
atoms, radiolarian and sponge) can be converted by ordinary chemical processes to
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Si0, first and then converted to SiF,. So far, a large number of the silicon isotope data
for rocks and minerals are obtained by using this method (Ding et al., 1988a, 1996;
Song and Ding, 1990; Jiang et al., 1992, 1993, 1994). A large number of silicon iso-
tope data for river water (Ding et al., 2004, 2011), plants (Ding et al., 2005a, 2008a,b)
and radiolarian (Song and Ding, 1990; Wu et al., 1997) are also obtained by using this
method. Due to the high accuracy of this method, it has been applied to the calibra-
tion of silicon isotope reference materials (Weyer and Schwieters, 2003; Ding, 2004)
and to the determination of “absolute isotope ratios” and the atomic weight of silicon
isotope standards (Ding et al., 2005b).

It was concerned that this method is not safe for using hazardous BrF; gas (De La
Rocha, 2002; Georg et al., 2006a). However, this kind of problem is not a serious one,
for the BrF; reagent and waste gas are all handled in the metal vacuum line and the
amount of the BrF; reagent used for each sample is very small (about 300 mg for a
SiO, sample of 10 mg) (Ding, 2004). On the other hand, it is true that this method is in
some extent time consuming (Georg et al., 2006a). Thus, in some conditions, for exam-
ple, to measure the silicon isotope composition of water solutions, this method may
be replaced by using other more convenient methods. Nevertheless, this method is
still the classical and conventional method for silicon isotope determination and will
continue to play an important role in silicon isotope geochemical studies, especially
in the analyses of rocks and minerals and in the calibration of silicon isotope refer-
ence materials and the determination of “absolute isotope ratios” and atomic weight
of silicon isotope standards.

The method of the SiF, preparation by reaction with (F,+HF) or BrF; under Laser
heating is a newly established method for silicon isotope measurement. By using this
method, a smaller sample (0.5 mg of garnet) than that of using convenient methods
can be analyzed with good precision (+0.30%o for 6°Si, 2 std) (Gao and Ding, 2009).
However, this method needs to be improved for analyzing even a smaller sample and
making in situ determination of the silicon isotope variation within silicate minerals.
If it is successful, it will be very helpful in preparing working standards for in situ
silicon isotope determination and investigating silicon isotope fractionation between
coexisting silicate minerals.

The MC-ICPMS method includes three subtype methods: a) H,SiF, solution
method; b) H,SiO, solution method; and c) laser ablation method.

The H,SiF4 solution method was established in 2002 and used in the silicon iso-
tope determination of Si extracted from diatoms and sponges (De La Rocha, 2002,
2003; De La Rocha and Bickle, 2005). However, this method is associated with some
analytical difficulties. It is found that the presence of excess fluoride ions will impair
the plasma ionization, and can lead to a loss of volatile SiF, during the sample in-
troduction (Georg et al., 2006a). Furthermore, the use of HF requires special safety
considerations and the need for special HF resistant sample introduction equipment
(Georg et al., 2006a). Therefore, this method is not used very often at the present
time.
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The H,SiO, solution method is the most commonly used method for the silicon
isotope determination using MC-ICPMS. Using this method, a small sample with 1 mg
silicate can be analyzed with the precision of +0.14%o (2 std) for 6°°Si determination.
It has been used for the silicon isotope measurement of diatoms, soils, waters, plants
and silicate minerals (Ziegler et al., 2005a,b; Georg et al., 2006a, 2009b; Reynolds et
al., 2006b, 2007; Van den Boorn et al., 2006; Cardinal et al., 2010; Opfergelt et al.,
2011b). This method has been even used to measure the isotopic purity of the 28Si
highly enriched silicon crystal that is specially prepared for the project of redetermi-
nation of the Avogadro constant (Pramann et al., 2011a,b). It has become one of con-
ventional methods for silicon isotope determination; especially when doing the sili-
con isotope determination of natural water samples, this method is much faster and
easier to be handled than the SiF, method. For analyzing samples of soils, plant, di-
atoms, sponges and radiolarian, the difference between the H,SiO, solution method
and the SiF, method becomes small, as both methods require samples to be purified
through similar wet chemical processes. In contrast, in the analysis of separated sil-
icate minerals and pure silicate rocks, the SiF, method is more convenient than the
H,SiO, solution method for no pre-treatment is needed for the former method.

The LA-MC-ICPMS method is a newly developed method for making in situ de-
termination of silicon isotopes. The sample size for analysis can be as low as 50 ng
(Chmeleff et al., 2008), and no chemical pre-treatment is needed for making analyses.
The precision of analysis can reach to +0.24%o for §°°Si (2 std) (Chmeleff et al., 2008).
This method has been successfully applied to the in situ silicon isotope measurement
of quartz and olivine minerals and glass samples. It will become a powerful method
to study the silicon isotope fractionation between coexisting silicate minerals in var-
ious rocks and to investigate the silicon isotope variation in small bands of siliceous
rocks or different layers in silicate minerals. These studies may provide us very impor-
tant information on the forming conditions of the rocks and minerals and the pale-
environmental change of the Earth. Now the major task for developing this method
is to overcome the so-called “matrix effect” by preparing a complete set of working
standards that have chemical compositions similar to the materials to be studied, and
calibrating their silicon isotope compositions.

The SIMS method includes two subtypes of methods: a) the method using O~ as
the primary ion; and b) the method using Cs* primary ion.

By using O™ as the primary ion, the produced secondary ions are positive ones.
This method was mainly applied at the silicon and carbon isotope determination of
SiC in a meteorite (Zinner et al., 1987, 1989; Stone et al., 1991; Hoppe et al., 1993, 1995;
Lugaro et al., 1999). The rastered diameter can be as small as 20 pm and sample size
can be as small as 5 ng (Chmeleff et al., 2008; Zinner et al., 1987). The reported pre-
cision is +2%o for 6°°Si (2 std) (Zinner et al., 1987), which is sufficient for the study of
the silicon isotope variation of SiC in a meteorite, which has a 6°°Si variation range of
more than 100%o.. However, due to the positive secondary ions giving a lower ion yield
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and more instrumental mass fractionation than negative ones, this method is often
replaced by the method of using Cs* as a primary beam (Knight et al., 2009).

When Cs™ is used as a primary ion, the produced secondary ions are negative ones.
As the negative secondary ions gave a higher ion yield and less instrumental mass
fractionation than positive ones (Knight et al., 2009), the Cs* primary beam has been
used more frequently recently, especially when silicon and oxygen isotopes of chert
and quartz are determined simultaneously (Marin-Carbonne et al., 2011; Heck et al.,
2011). Now this method has been used for the in situ determination of quartz in BIF,
chert and CAI-like vacuum evaporation residues (Marin-Carbonne et al., 2011; Heck et
al., 2011; Knight et al., 2009). The rastered diameter can be as small as 10 pm and sam-
ple size can be as small as 5 ng (Chmeleff et al., 2008; Zinner et al., 1987; Knight et al.,
2009). The reported precision is +0.32%o for §°Si and +0.52%o for 6°°Si (2 std) (Zinner
et al., 1987; Knight et al., 2009). There is no doubt that this method will be used more
and more in the study of micro-scale silicon isotope variation in rocks and minerals
and provide very important information on the genesis of rocks and minerals and the
variation history of the Earth’s environmental condition. As for the method of LA-MC-
ICPMS, the major problem obstructing the further development of the SIMS method is
the “matrix effect”. For overcoming this problem, a complete set of working standards
for the in situ determination of silicon isotopes should be prepared and their chemical
and isotope compositions should be calibrated by the classical methods. These work-
ing standards should have chemical compositions similar to the materials to be stud-
ied, and their chemical and isotopic composition should be homogeneous enough.
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In this chapter, we discuss the causes and mechanisms of silicon isotope fraction-
ations, which provide the theoretical base for understanding the silicon isotope
variation in nature. Similar to the isotopes of other elements, different Si isotope
ratios occur between different silicon bearing compounds, different phases or differ-
ent molecules, which are named as silicon isotope fractionations. The silicon isotope
fractionation factor (a) is defined as the quotient between the silicon isotope ratio in
matter A and that in matter B, i.e.,

a = (*Si/?Si), /(*Si/%Si)g (1)

where *Si can be referred to ?°Si or 3°Si.

There are two lines of factors controlling isotopic fractionation: the first is internal
cause, i.e., the difference between the physical and chemical characteristics of differ-
ent isotope species;the second is external cause, i.e., the variations in environmental
conditions.

Isotopes of an element have the same number of protons, but a different number
of neutrons, so their atomic masses are different from one another. For this reason,
the different isotope species show different characters in various physical, chemical
and biological processes, which cause isotope fractionations. In general, the degree
of fractionation between two isotopic species is closely related to their relative mass
differences (*m — m)/m; the larger the relative mass difference, the higher the degree
of isotopic fractionation. The large fractionation between H and D is the most extreme
example.

The relative mass difference between 3°Si and 28Si is 1/14, which is equivalent to
that between °N and “N, and even larger than that between *S and >?S. Hence, the
two silicon isotopes should have a large potential of isotopic fractionation.

However, the relative mass difference is just one factor affecting isotopic frac-
tionation. It can play a role in isotopic fractionation only when favorable physical
and chemical conditions are available, which are strongly dependent on the chem-
ical characteristics of the element itself. Among these characters, the most impor-
tant factors are whether the element can form compounds with different valences and
whether their gas compounds exist in nature. In all silicon bearing compounds, sili-
con only shows a valence of +4. In the terrestrial environment, silicon always forms
compounds with a Si—0 bond and no gas compounds has been observed. Thus unlike
other light elements, such as H, O, C, S and N, we do not see large silicon isotopic frac-
tionation in the terrestrial samples. However, relatively large silicon isotope fraction-
ation has been found in trace SiC mineral within meteorites, which might be formed
from gas components.

It has been found that silicon isotope fractionation occurs in all kinds of extrater-
restrial and terrestrial environments. Various types of silicon isotope fractionations

https://doi.org/10.1515/9783110402452-003
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occurred in various physical, chemical and biological processes and have been stud-
ied by empirical investigation, experimental calibration and theoretical calculations.
In general, the silicon isotope fractionation can be classified in two categories: i.e.,
the thermodynamic silicon isotope exchange fractionation and kinetic silicon isotope
fractionation. In the following sections, we will discuss some major mechanisms of
these two types of silicon isotope fractionation.

3.1 The thermodynamic silicon isotope exchange fractionation

Isotopic exchange reactions belong to an important class of stable isotope fraction-
ation reactions. They include a number of processes with different mechanisms, but
have the common characteristics of showing only the exchange of isotopes between
different compounds, different phases or different molecules, but not chemical varia-
tions. In this section, the possibility and the scale of exchange equilibrium fractiona-
tion of silicon isotopes between different silicon-bearing compounds, phases and min-
erals will be discussed.

3.1.1 Types and structures of silicon-bearing compounds in nature

The existence of different types (composition and structures) of compounds is a pre-
requisite for isotopic exchange reactions, so the existence of different silicon bearing
compounds is the basis of silicon isotope exchange reactions.

It was pointed out in Chapter 1 that there are only two important silicon-bearing
compounds, i.e., the silicate and silica, even though silicon is very abundant in nature.
They account for 87% of the Earth’s crust by weight. The amounts of other silicon-
bearing compounds, such as SiC, Si;N, and Fe;Si, are rather rare. The natural SiC,
SizN, are found only in the meteorites and Fe;Si is expected to occur in the core of the
Earth.

The basic unit for silicates and silica is the Si—O tetrahedron. Because the ionic
radii of silicon and oxygen are 0.042 nm and 0.132 nm, respectively, one cation of sil-
icon can be enveloped by four anions of oxygen to form a stable Si—O tetrahedron. In
the tetrahedron, Si and O are covalently bonded. Because of the similarity of the basic
structure unit among different silicates and silica, a large isotopic exchange equilib-
rium fractionation of silicon isotopes is not expected between them.

Although the basic structures of silicates and silica are the same, the manner in
which these basic units are connected can vary in different compounds. In some min-
erals, e.g., forsterite, the Si—O tetrahedra are isolated from each other, but connected
through Mg cations, forming so-called nesosilicate (Figure 3.1a).

However, more often, the Si—O tetrahedra polymerize through one or more oxygen
atoms to form silicates of different structure such as sorosilicate, cyclosilicate, inosili-
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Figure 3.1: The structures of silicate crystals. a) Nesosilicate [(SiOA)“’], sorosilicate [(Si207)6’],
cyclosilicate (with Si:0=1:3); b) Inosilicate; c) Phyllosilicate; d) Tectosilicate.

cate, phyllosilicate and tectosilicate (Figure 3.1b, Figure 3.1c and Figure 3.1d). In these
polymerized silicates, the oxygen atom shared by two Si—O tetrahedron is called an
“oxygen bridge”. The appearance of “oxygen bridges” causes variations in the vibra-
tional frequency of the Si-O tetrahedron structure; the higher the fraction of “oxygen
bridges” or degree of polymerization, the larger the vibrational frequency of the inner
tetrahedron will be. According to the statistical mechanics, this kind of variation of vi-
brational frequency will cause silicon isotopic fractionation between silicate minerals
and molecules with different degrees of polymerization.

However, the effects of polymerization on inner vibrational frequency are re-
stricted, hence silicon isotope fractionation between different silicon bearing minerals
is also limited.

Now, let us consider the case of silicate melt. According to the theory of crystal-
lography, the basic difference between a melt and a crystal is the degree of order and
the mobility of ions. At the temperature of crystallization, a crystal with a higher de-
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gree of order is formed, in which the mobility of ions decreases. During melting, a melt
with a low degree of order is formed, in which the mobility of ions increases. However,
for silicate, the change of entropy during melting is small, so the difference in the de-
gree of order between the melt and crystal is not large, hence changes in the partition
coefficient and other coefficient of the molecules are also small (Zachariasen, 1932).
Within the structure of silicate melt, metallic cations can move freely, but the anions
of Si—-O tetrahedra will polymerize with each other through oxygen bridges to form
various kinds of networks similar to silicate crystal (Figure 3.2).

Figure 3.2: A comparison between the inner structure of silicate melts (left) and that of crystals
(right).

However, in case those cations have a strong polarization ability, such as in the case
of alkaline metal ions, the polymerization of the melt will be obstructed, which will
favor the formation of individual ion species of SiO 4“’. In this case, the activities of the
highly polymerized Si-O anions will also increase. Under certain conditions, a melt
with a high SiO,*" concentration will separate to form a melt with a high degree of
polymerization, leading to differentiation between orthosilicates and metasilicates,
forming a mafic magma and felsic magma.

In addition to silicates and silica, other silicon-bearing compounds, such as SiC,
have been discovered in nature, especially in meteorites. If a silicate phase coexists
with a SiC phase, large silicon isotope fractionation would be expected. However, so
far, no study of this case has yet been made. Nevertheless, significant silicon isotope
variations have been found in the SiC and Si; N, phase of meteorites, which may indi-
cate that a large degree of isotopic fractionation has happened between SiC and an-
other silicon-bearing gas component. The possible presence of compounds of silicon
with B and H has been predicted, but their existence has not been proven so far (Liu,
1984).
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3.1.2 Thermodynamic silicon isotope fractionation between different
silicon-bearing compounds

3.1.2.1 The general formula of isotopic exchange reaction
The general formula of isotopic exchange reaction is

aA + bB* =aA* + bB (3.2

where A and B represents two types of silicon-bearing compounds with different struc-
tures. The compound with the subscript* contains 3°Si or ?Si, and the compounds
without a subscript* contains 22Si. Besides, a and b refer to the number of atoms in-
volved in the exchange reaction.

Under certain conditions, when the isotope exchange reaction reaches equilib-
rium, the compound A and compound B will have different 3°Si/?8Si (or 2Si/?8Si) ra-
tios. To reflect the degree of isotopic fractionation, a term of the isotopic fractionation
factor (a) is introduced, which is defined as

aA,B = RA/RB (3-3)

where R refers to the 3°Si/?8Si (or °Si/?8Si) ratio, and the subscripts A and B refer to
different types of silicon-bearing compounds.
According to statistical mechanics,
oo Qe /0y
Qp-/Qp
where Q is the partition coefficient, and Q,./Q, is the reduced ratio of the partition
coefficient.
For polyatomic molecules, the following equation is applicable:

(34)

3 Usp %
Qp 0y (mkA* >5 Uy e 2 l-eUn (35)
Q  Oa i '

Y £ .
Myp :

Up e 1-etw

where o represents the degree of symmetry, m indicates the atomic mass of the iso-
topic species, k shows the number of atoms exchanged and U; indicates the energy of
molecule at i state.

When the above parameters of A, B, A* and B* are known, we can estimate the iso-
topic fractionation between the two compounds by calculating their ratio of partition
coefficients.

3.1.2.2 Some theoretical calculation results for thermodynamic silicon isotope
fractionation

Grant (1954) was the first to publish some calculated results on silicon isotope fraction-

ation for quartz—topaz and orthosilicate-metasilicate. He stated that quartz can con-

tain 6%o0 and 5%o more 3°Si than topaz at the temperature of 300°C and 380°C, respec-

tively. In the meanwhile, he concluded that the silicon-rich phase (metasilicate) can

have 4%o and 2%o more °Si than the silicon-poor phase (orthosilicate) at 1000°C and
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1500°C, respectively. In quantitative terms, the results of Grant’s calculations have not
been confirmed by practical results, hence either some unknown factors had not been
considered in Grant’s calculation, or some parameters used in his calculation were not
accurate. This is due to the complexity of the composition and structure of silicate.

To solve this problem, the density functional theory (DFT) has been introduced
successfully into the field of isotopic fractionation investigation in last two decades.
Theoretical approaches mostly consist in applying statistical thermodynamics to cal-
culate the equilibrium constants of isotope exchange reactions from the rotational
and vibrational energy levels of the reactants and products. The energy levels can be
determined experimentally, i.e., from spectroscopic measurements, or theoretically
from atomistic calculations, or more generally using a combination of both. However,
spectroscopic data are usually lacking for isotopic species containing rare isotopes.
Empirical rules and force-field models have thus been developed to extrapolate the
spectroscopic constants of isotopic substituted molecules from those with the natural
isotopic abundance (Rosenthal, 1935; Shaffer and Schuman, 1944; Richet et al., 1977;
Zeebe, 2005). Alternatively, energy levels can be fully determined theoretically using
empirical potentials or ab initio electronic structure calculations. In this last case, the
energy levels are calculated using fundamental quantum mechanical theory.

For molecules in gas phase, theoretical calculations can reach a very good preci-
sion (Richet et al., 1977; Zeebe, 2005). For solids, an additional difficulty arises from
the need to compute the complete vibrational density of state (VDOS) of pure and iso-
topic substituted compounds, whereas most of the vibrational spectroscopic exper-
iments only provide a limited set of data. The most common approach is therefore
to use a simplified model of the vibrational density of states, consisting of a Debye
model for acoustic modes, optical continua for low-frequency optical modes and an
Einstein model for high-frequency optical modes (Kawabe, 1978; Kieffer, 1982). Fol-
lowing Patel et al. (1991) and Dove et al. (1992), an alternative scheme was based on
the computer modeling of crystal structures enabling a complete calculation of the
VDOS. This calculation can also be done from first principles, within the framework
of density functional perturbation theory (DFPT). Indeed, DFPT has proved to be ac-
curate in determining harmonic phonon frequencies in crystalline solids for any wave
vector (Baroni et al., 2001). DFPT has been successfully applied to the investigations
of the vibrational spectroscopic properties of several minerals including quartz, zir-
con, kaolinite-group minerals, serpentine minerals and gibbsite (Gonze et al., 1994;
Balan et al., 2001, 2002, 2006; Rignanese et al., 2001). The quality of the modeling of
the IR and Raman spectra of these minerals indicate that accurate vibrational density
of state, and thermodynamical functions, can be derived using DFPT.

Recently, this approach has been applied to isotopic fractionation between vari-
ous isotopic systems of H (Reynard and Caracas, 2009; Méheut et al., 2010), O (Méheut
et al., 2009, 2010; Blanchard et al., 2010; Javoy et al., 2012), C (Schauble et al., 2006),
S (Otake et al., 2008; Balan et al., 2014; Liu et al., 2014a), B (Kowalski et al., 2013), Mg
(Schauble, 2011; Huang et al., 2013; Pinilla et al., 2015; Wu et al., 2015a; Schott et al.,
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2016), Ca (Feng et al., 2014), Li (Kowalski and Jahn, 2011), Fe (Ottonello and Zuccolini,
2008; Blanchard et al., 2009), Zn (Ducher et al., 2016), V (Wu et al., 2015b), Ge (Li and
Liu, 2010), Se (Li and Liu, 2011) and Si (Méheut et al., 2007, 2009; Javoy et al., 2012;
Méheut and Schauble, 2014; Huang et al., 2014; Wu et al., 2015a; He and Liu, 2015;
Dupuis et al., 2015).

Méheut et al. (2007) used DFPT method first to calculate the silicon isotopic frac-
tionation. They determined the isotopic fractionation of hydrogen, oxygen and silicon
in the kaolinite, quartz, water system with a purely first-principles approach. In the
meanwhile, they also calibrated isotopic fractionation between kaolinite/liquid-water
and quartz/liquid-water by using the experimental gas/liquid-water fractionation.
Good agreement between theory and experiment is obtained for mineral-water oxy-
gen isotope fractionation, which indicates that this theoretical calculation approach
can give reliable results on isotopic fractionation factors as a function of temperature.
They obtained a fractionation factor of 1.6%oo0 for silicon isotope fractionation between
quartz and kaolinite at 300 K.

Méheut et al. (2009) studied the structural control over equilibrium silicon and
oxygen isotopic fractionation by using the same first-principles approach. The quartz,
enstatite, forsterite, lizardite, kaolinite were chosen as examples of investigation, as
they display various degrees of polymerization of silicate units. Good agreement be-
tween theory and experiment was found also in the case of oxygen. In the case of
silicon, agreement and differences with previous estimates of equilibrium fraction-
ation factors were discussed. The relationship between silicon and oxygen fraction-
ation factors, silicate polymerization degree and chemical composition was studied
and compared with previous semi-empirical models.

Méheut and Schauble (2014) made a further calculation on O and Si isotopic frac-
tionation factors of phyllosilicates, albite and pyrope with first-principles methods
based on density functional theory. Their results for O isotope fractionations agreed
well with previous estimates for talc and albite, and their results for Si isotope frac-
tionations qualitatively agreed with natural data. They found that Si isotope fraction-
ation properties appeared to be correlated with stoichiometry for phyllosilicates and
the effect of cation X on Si isotope fractionation increased with decreasing electroneg-
ativity of X. This could explain the enrichment in heavy silicon isotopes accompanying
magmatic differentiation. This model provided a crystal chemical explanation for the
correlation between Si isotope fractionation and Si—0 distances. Based on this model,
they suggested that attention should be given to chemical compositions in Si isotope
studies.

Javoy et al. (2012) applied the first-principles methods to a few species of interest in
cosmochemical problems: silicon monoxide and silicon monosulfide. They explored
the isotopic composition of SiO and SiS during the genesis of silicon solid-solutions in
chondritic Fe—Ni metal, a possible starting product for planetary cores. They obtained
that at the time of E chondrites’ formation the §°°Si of the nebular gas, dominated by
SiS, was ~ —6%o.
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The equilibrium fractionations of Si isotopes are negligible among pyroxenes,
olivine and pyrope, but are significant between olivine and its polymorphs (wadsleyite
and ringwoodite). They found also that significant Si isotope fractionations existed be-
tween mantle minerals with different Si coordination numbers, such as Mg-perovskite
(six coordinated) and olivine polymorphs (four coordinated) and that the 3°Si/?8Si ra-
tio decreases in the order of olivine > pyroxenes > wadsleyite > majorite > ringwoodite >
Mg-perovskite at equilibrium condition. They indicated also that significant Si iso-
tope fractionation between mantle minerals might occur even at high pressure in a
deep mantle and that Si isotope fractionation between silicate and metal could be a
function of pressure. The Si isotopic fractionation factor obtained from low pressure
experiments may not be applicable to Si isotope fraction during core formation which
occurred at high pressure.

Wu et al. (2015a) calculated the Si isotopic fractionation that induced by phase
transformation from olivine to wadsleyite, ringwoodite, bridgmanite and ferroperi-
clase by the first-principle method. They found measurable Si isotope fractionations
among these phases, even at the mantle’s pressure—temperature conditions: wads-
leyite and ringwoodite were depleted in heavy Si relative to olivine and bridgmanite
was depleted in heavy Si among all phases. They found also that increasing pressure
can slightly reduce the extent of Si isotope fractionation. They suggested that the Si
isotope fractionation among Mg,SiO, polymorphs might provide a promising way to
“probe” the depth and temperature of origin of mantle xenoliths.

Dupuis et al. (2015) calculated the equilibrium fractionation factors for silicon iso-
topes of quartz, kaolinite, and dissolved silicic acid (H,SiO, and H;Si0, ") at 300 K by
using first-principles methods. They found that at 300 K the A3°Si is +2.1 + 0.2%o be-
tween quartz and H,SiO,, +0.4 +0.2%. between kaolinite and H,SiO,, and —1.6 + 0.3%o
between H;SiO,~ and H,SiO,. These calculated solid-solution fractionations show
important disagreement with natural observations in low-temperature systems, argu-
ing against isotopic equilibration during silicon precipitation in these environments.
On the other hand, the large fractionation associated with the de-protonation of silicic
acid suggests the importance of speciation, and in particular pH, for the fractionation
of silicon isotopes at a low temperature.

He and Liu (2015) calculated equilibrium Si isotope fractionation factors among
orthosilicic acid (H,SiO,), quartz and the adsorption complexes of H,SiO, on a
Fe(IlI)-oxyhydroxide surface by using the full-electron wave-function quantum chem-
istry methods with a new cluster-model-based treatment. They found that under equi-
librium conditions, heavy Si isotopes would be significantly enriched in quartz than in
H,SiO,, which is in contrast to that observed in natural environments. To explain this
discrepancy, they suggested that most silicon isotope fractionation between quartz
and H,SiO, was dominantly controlled by the kinetic isotope effect. However, they
thought that their calculated equilibrium fractionation results might fit the quartz
precipitated directly from a hydrothermal solution.
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3.1.2.3 The thermodynamic Si isotope fractionation observed in natural
environments and experimentally determination for some thermodynamic
silicon isotope fractionation factors
In the early stage, much attention has been placed on empirical studies of silicon iso-
tope fractionation between coexisting silicon-bearing minerals. For example, it has
been found that in lunar rocks, the §°°Si value of plagioclase is normally 0.2%o higher
than that of the pyroxene. In some granite rocks, the order of the *°Si content from
higher to lower is quartz — feldspar — muscovite — biotite, as predicted theoretically
by Grant (1954). This order is also consistent with the order of 18 enrichment. Other
examples of silicon isotope fractionation between silicon bearing minerals include:
the silicon isotope variation between albite, riebeckite and aegirine from Bayan Obo
iron and rare earth ore deposit and the silicon isotope variation between quartz and
tourmaline in the ore from the Ximeng tin deposit (Ding et al., 1996).
In recent years, more experimental investigations on silicon isotope fractionation
have been carried out and important progress has been obtained in several fields.

Experimental determination of the Si isotope fractionation factor between liquid
metal and liquid silicate

The cosmochemical and geophysical evidences indicate that elements lighter than
iron and nickel must reside the Earth’s core. Silicon has long been considered a possi-
ble light element in Earth’s core. If differences in 3°Si/?®Si ratios between metal (core)
and silicate (mantle and crust) can be quantified, silicon isotopes may be used to con-
strain the amount of this element in the core, and in so doing elucidate the conditions
that attended Earth’s differentiation (Georg et al., 2007a; Fitoussi et al., 2009).

Shahar et al. (2009) presented the first direct experimental evidence that silicon
isotopes are not distributed uniformly between iron metal and rock when equilibrated
at high temperatures. The silicon isotope ratios in iron-silicon alloy and silicate equi-
librated at 1 GPa and 1800°C show that Si in silicate has higher 3°Si/?®Si than Si in
metal, by at least 2.0%o. These findings provide an experimental foundation for using
isotope ratios of silicon as an indicator of terrestrial planet formation processes. They
imply that if Si isotope equilibrium existed during the segregation of the Earth’s core-
forming metal and silicate mantle, there should be an isotopic signature of Si in the
core. The experimental results of Shahar et al. (2009), combined with previous mea-
surements of Si isotope ratios in meteorites and rocks representing the bulk silicate
Earth (BSE), suggest that the formation of the Earth’s core imparted a high 3°Si/?8Si
signature to BSE due to dissolution of ~6 wt.% Si into the early core.

Ziegler et al. (2010) investigated Si-isotope fractionation between metal and sili-
cate in metal-rich enstatite meteorites as an analogue for Earth’s differentiation. They
found a 5 to 6%o difference in the 3°Si/?8Si ratio between Si in metal and Si in silicate
in the aubrites (enstatite achondrites) in Mount Egerton and Norton County. The me-
teorites are believed to have derived from enstatite chondrites by melting and thermal
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metamorphism with final equilibration at 1200 and 1130+80 K, respectively. Using the
measured silicate-metal Si-isotope fractionation in these rocks, they obtained a tem-
perature dependence for fractionation of A*°Sigj;cate-_metal = 7-64(+0.47) x 106/T?, in
agreement with independent experimental and theoretical determinations. The mea-
sured silicate—metal fractionation suggests a ~0.8%o difference in the 3°Si/?8Si ratio
between Earth’s core and mantle at P/T conditions relevant to core formation. These
results, based on thermodynamic calculations for Si solubility in iron-rich metal and
the measured Si isotope fractionation between silicate and metal, imply at least ~6
wt.% Si in the core (depending on the exact A*°Sipsg chondrite Value). The Si isotope
data also require that oxygen fugacity in the lower mantle increased during or after
the process of core segregation by 1 to 2 log units.

Shahar et al. (2011) investigated the Si isotope fractionation between metal and
silicate experimentally at 1800, 2000 and 2200°C. They found that there was a sig-
nificant silicon stable isotope fractionation at a high temperature between the metal
and silicate in agreement with Shahar et al. (2009). Further, they found that this frac-
tionation was insensitive to the structure and composition of the silicate as the frac-
tionation between silicate melt and olivine is insignificant within the error of the anal-
yses. The temperature-dependent silicon isotope fractionation is A*Sig;cate-metal =
7.45(+0.41) x 10%/T?, and in excellent agreement with both theoretical calculations
for olivine—Fe-rich metal (Georg et al., 2007a) and the observed fractionation between
enstatite and Fe—Ni-rich metal in reduced enstatite meteorites (Ziegler et al., 2010).

Hin et al. (2014) present experimentally determined Si isotope fractionation fac-
tors between liquid metal and liquid silicate at 1450°C and 1750°C. They obtained that
the temperature dependence of equilibrium Si isotope fractionation between metal
and silicate can be described as A*°Si,qa1_siticate = —4-42(+0.05) x 106/T?, which is
about 1.7 times smaller than previously proposed on the basis of experiments (Shahar
et al., 2009, 2011). They doubted whether the average Si isotope fractionation factors
of Shahar et al. (2009, 2011) represented equilibrium fractionation as Shahar et al.
(2009, 2011) deduced an isotopic fractionation factor from heterogeneous Si isotope
compositions in silicate and metal phases. However, Young et al. (2015) thought that
the difference between the results of Shahar et al. (2009, 2011) and Ziegler et al. (2010)
and that of Hin et al. (2014) was not unexplained, but might be related to open-system
effects in longer experimental runs in the study of Hin et al. (2014) or the presence of
abundant Sn in the metal phase in the lower-temperature runs in that study.

The fractionation factors of Georg et al. (2007a), Shahar et al. (2011, 2009), Ziegler
et al. (2010) and Hin et al. (2014) are summarized in Table 3.1 and plotted in Figure 3.3.

Equilibrium Si isotope fractionation in magmatic processes

Douthitt (1982) and Ding et al. (1996) both showed that silica-rich (rhyolites, granites,
dacites) lithologies have, on average, heavier Si isotope compositions than primitive
(ultramafic and basaltic) material. There is also theoretical evidence to suggest that
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Table 3.1: The Si isotope fractionation factors between mantle relevant silicates and Si-bearing Fe

metal.

Formula

Method

Reference

ABOSimetal—s.ilica'(e =-(55~5.8) x 10¢

ASi talositicate = —7-45(0.41) x 106/T2
A3Si alositicate = —7-64(£0.47) x 108 /T2
ASi etalsilicate = —4-42(+0.05) x 10/T2

Theoretical calculation

Experimental calibration
Experimental calibration
Experimental calibration

Georg et al. (2007a) and
Shahar et al. (2009)
Shahar et al. (2009, 2011)
Ziegler et al. (2010)

Hin et al. (2014)
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Figure 3.3: Summary of temperature-dependent Si isotope fractionations between mantle relevant
silicates and Si-bearing Fe metal in the laboratory and in equilibrated meteorites (after Young et al.
2015). Data are from Shahar et al. (2009) in C capsules, Shahar et al. (2011) in C and MgO capsules
and Ziegler et al. (2010) from the Mt. Egerton and Norton County meteorites. Also shown for compar-
ison are experiments from Hin et al. (2014) and ab initio calculations for olivine-Fe;Si (Georg et al.,
2007a; Shahar et al., 2009).

resolvable equilibrium Si isotope fractionation occurs between co-existing mineral
phases, suggesting that, e.g., fractional crystallization will affect bulk rock Si isotope
compositions. Ding et al. (1996) had summarized the early results on silicon isotope
equilibrium fractionation among various silicon bearing compounds, which pointed
out that from nesosilicate — inosilicate — phyllosilicate — tectosilicate, the 3°Si con-
tent of mineral increases, in the same way as for that of 180. They suggested that the
silicon isotopic fractionation between orthosilicate melts and metasilicate melts may
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be of interest in the petrologic study of magmatic rocks, although the extent of sili-
con isotope exchange fractionation is small (less than 1.0%o in general). The fact that
the 6°°Si values of granites are normally higher than those of basalts may reflect the
influence of this kind of fractionation.

Recently, more comprehensive investigation on equilibrium Si isotope fractiona-
tion in magmatic processes has been carried out.

Savage et al. (2011) investigated Si isotopic compositions of lavas from Hekla vol-
cano, Iceland, which has formed in a region devoid of old, geochemically diverse
crust. They show that Si isotopic composition varies linearly as a function of silica
content, with more differentiated rocks possessing heavier isotopic compositions (Fig-
ure 3.4). Data for samples from the Afar Rift Zone, as well as various igneous USGS
standards are collinear with the Hekla trend, providing evidence of a fundamental re-
lationship between magmatic differentiation and Si isotopes (Figure 3.5). The effect of
fractionation has been tested by studying cumulates from the Skaergaard Complex,
which show that olivine and pyroxene are isotopically light, and plagioclase heavy,
relative to the Si isotopic composition of the Earth’s mantle. Therefore, Si isotopes can
be utilized to model the competing effects of mafic and felsic mineral fractionation

Figure 3.4: Rayleigh fractionation models of Si isotope evolution in a magma chamber, assuming a
constant bulk fractionation factor between solid and melt. Curves are for different bulk fractionation
factors (curve labels = A3°Sig;g_meit = 1000 X [N Aggig_merr)- Sample HEK07-09 was used as the start-
ing melt composition. The measured data are shown (grey diamonds), using Ba as a proxy for melt
fraction and show that a bulk A>°Si_ ;y_ne; Value of —0.125%o can describe the system at Hekla, and
by inference, the igneous Si isotope system. Using K as a proxy for melt fraction yields a similar bulk
A®Sig id-mer: Value. After Savage et al. (2011).
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in evolving silicate liquids and cumulates. At an average SiO, content of ~60 wt.%,
the predicted A3°Si value of the continental crust that should result from magmatic
fractionation alone is —0.23 + 0.05%o (2 std), barely heavier than the mantle. This is,
at most, a maximum estimate, as this does not take into account weathered material
whose formation drives the products toward lighter A3°Si values. Mass balance cal-
culations suggest that the removal of continental crust of this composition from the
upper mantle will not affect the Si isotopic composition of the mantle.

Figure 3.5: Models of the Si isotope evolution of a magma showing the effects of varying fraction-
ating phases (olivine, clinopyroxene and plagioclase feldspar). The models assume Rayleigh frac-
tionation and a constant isotopic fractionation factor between minerals and melt. Fractionation
factors were calculated using data from Skaergaard mineral separates (Table 3.2), precipitating from
a liquid whose original Si isotope composition was that of BSE (Savage et al., 2010) — each curve
describes a different crystallization trend. Measured data (grey diamonds) plotted as in Figure 3.4.
After Savage et al. (2011).

Savage et al. (2011) implicitly investigate the effect of magmatic differentiation on Si
isotopes, principally using a set of samples taken from the volcano of Hekla. The §°°Si
values of the Hekla samples vary from —0.34%o to —0.14%o (Figure 3.6a), and define a
wider range than that seen in mafic and ultramafic rocks. Crucially, the isotope data
exhibit strong positive correlations with SiO, contents (R =0.84; Figure 3.6a).

1) The “igneous array” for silicon isotopes
For the relationship between the SiO, content and 6°°Si to be truly fundamen-
tal to the Si isotope system, it should be observable elsewhere. As well as the Hekla
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Figure 3.6: Silicon isotopic fractionation happened in process of magmatic differentiation. Fig-
ure 3.6a shows the sample data from Hekla volcano, Iceland, as a function of SiO, content and the
apparent linear increase in 33°Si over the range of differentiation, over both fractional crystalliza-
tion and magma mixing regimes. Figure 3.6b shows other various “fresh” igneous samples, taken
from various localities (lithology is shown as same as Figure 3.6a), which plot on the same array
(solid line) as the Hekla data (dash line). This seemingly consistent behavior was termed the “ig-
neous array” by Savage et al. (2011). Data taken from Savage et al. (2011, 2013a).

samples, Savage et al. (2011) analyzed a selection of igneous samples from elsewhere
on Iceland, the Afar Rift zone in Ethiopia and the USGS standard collection. When
plotted against SiO,, all of these samples show an increase in the heavier Si isotopes
as a function of increasing silica content. This is also true for a selection of granulite
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Table 3.2: Silicon isotope fractionation factors between silicon bearing minerals and melts.

Mineral A3OSi e (%eo)
Savage et al. (2011) Georg (2006) Savage et al. (2012)

Mafic (Skaergaard layered intrusion)

Orivine -0.15

Clinopyroxese -0.21

Plagioclase 0.11

Felsic (Granites-SW England, Australia)

Quart 0.04 0.05
Plagioclase -0.05
Muscovite 0.01 -0.02
K-feldspar 0.02 0.06
Tourmaline 0.17
Biotite -0.28

faces xenoliths from the lower continental crust, whose protoliths were equilibrium
melt assemblages (Savage et al., 2013a). More significantly, these data are all collinear
with the Hekla samples (Figure 3.6b), i.e., they fall on the same array. Part of this phe-
nomenon can be explained by the fact that the starting composition for all of these ma-
terials is that of BSE, which is homogeneous with respect to Si isotopes. Meanwhile,
the observation that all the samples to exhibit essentially the same degree of the Si
isotope fractionation away from the BSE, regardless of tectonic setting, is good evi-
dence that such fractionation is a fundamental property of the Si isotope system. It
appears then that the Si isotopes behave predictably during magmatic differentiation.
As such, given a sample’s silica content, its Si isotope composition can be estimated
to a fairly accurate degree. This empirical formula, determined by Savage et al. (2011),
was termed the “igneous array” for Si isotopes (Figure 3.6b), and is defined as such:

52°Si(%o) = 0.0056 x Si0,(Wt.%) — 0.567(+0.05) (3.6)

2) Intermineral Si isotope fractionation

Even though the Si—0 bond frequency is most likely to be a major control over the
Siisotope composition of various silicate phases, there must be some mass flux to gen-
erate isotopic fractionation. These processes, in igneous systems, are most likely to be
either fractional crystallization during cooling, or partial melting (and restite forma-
tion). During crystallization, to first order, more mafic (less polymerized) phases will
form first, and during melting the more felsic (more polymerized) phases will melt
first. Table 3.2 provides a selection of mineral-melt Si isotope fractionation factors for
both mafic (the Skaergaard layered intrusion, Greenland) and felsic (granites from SW
England, Australia) lithologies. Both olivine and clinopyroxene are preferentially en-
riched in the lighter isotopes — fractional crystallization of one or both of these phases
will drive the melt toward heavier isotopic compositions (following the trend seen on
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Hekla and elsewhere in Figure 3.6) and leave isotopically light cumulate material. Con-
versely, partial melting of the same material will preferentially cause melting of the
plagioclase and clinopyroxene, leaving an olivine rich restite (see Figure 3.5) again,
and creates a melt that is preferentially enriched in the heavier isotopes relative to the
solid. This simple description effectively describes the phenomena of the Si isotope
fractionation during magmatic differentiation. The fractionation factors in Table 3.2
alsoillustrate that intermineral Si isotope fractionation is not completely controlled by
the relative polymerization degree; although quartz seems always to be enriched in the
heavier isotopes, and olivine in lighter isotopes, clinopyroxene is almost always lighter
than coexisting olivine (Chakrabarti and Jacobsen, 2010; Georg et al., 2007a; Savage
et al., 2011). As noted by Méheut et al. (2009), polymerization is not the only funda-
mental control over fractionation factor; both the v1 vibrational frequency (pulsation
along the Si—0 bond) and presence of other network-forming cations (such as Al) ex-
ert strong controls. As a result, their calculations predict that clinopyroxene should be
isotopically lighter than olivine, as many researchers have measured. Such effects may
also explain why, in Table 3.2, biotite is much lighter than muscovite, and tourmaline
is much heavier than quartz. As far as the “igneous array” is concerned, this means
that the predictable relationship between SiO, and §°°Si will only hold where equilib-
rium melt assemblages are concerned. Cumulates, made up of mineral phases that are
not in equilibrium, will not exhibit such a relationship. This fact was demonstrated
by Savage et al. (2013a) who analyzed the Si isotope compositions of two suites of
granulite facies (lower crustal) xenoliths from Queensland, Australia. The first suite,
from McBride (Rudnick and Taylor, 1987) contains predominantly metaigneous rocks
whose protoliths represent equilibrium melt derived material — these samples plot on
the “igneous array” (Figure 3.6b and Figure 3.7a), as expected. Samples from the sec-
ond suite, from Chudleigh (Rudnick et al., 1986) are all metaigneous rocks with cu-
mulate protoliths. These samples have a similar range of Si isotope composition to
the McBride suite, but do not exhibit a relationship with SiO, contents, or any other
proxy for magmatic differentiation (Figure 3.7a). Instead, they show good relation-
ships with mineralogical indices, for instance, Mg, Eu anomaly, normative diopside
contents (Figure 3.7b), implying that the modal abundance of various mineral phases
is the controlling factor on the Si isotope composition of the Chudleigh xenoliths. The
negative relationship in Figure 3.7b also confirms the sense of isotopic fractionation
between differing phases as described above: cumulates with more mafic phases have
lighter Si isotope compositions than those with more felsic phases. A final point to
make is that fractionation factors depend on the relative bond strengths of the vari-
ous crystal phases as well as the coexisting melt. This means that specific phases will
not have fixed mineral-melt fractionation factors. An example is plagioclase feldspar
(Table 3.2). In mafic systems, it tends to have a positive A*°Si, i\ aral-mer: Value, whereas
in felsic systems, it is enriched in the lighter isotopes.

Zambardi et al. (2014) studied the Si isotopic variations in a single well-character-
ized magmatic suite from Cedar Butte volcano (ID, USA), as well as a sill with progres-
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Figure 3.7: Silicon isotope variation in equilibrium melt assemblages compared to cumulate as-
semblages. The samples are all granulite facies xenoliths, analyzed by Savage et al. (2013a). In
Figure 3.7a, samples that are representative of melts plot on the igneous array whereas cumulate
samples do not. In Figure 3.7b, the same data are plotted against normative diopside content, and
the cumulate samples show a good negative trend, indicating that the Si isotope composition of
such samples is controlled by mineralogical abundances. After Savage et al. (2014).
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sive compositional change within Finland granophyre (Duluth Complex, MN, USA).
These isotopic systems show a significant enrichment in heavy isotopes in the more
differentiated materials (Figure 3.8). In addition, the Finland granophyre sill shows
a strong dependence between the isotopic composition and the sampling depth, sug-
gesting the isotopic compositions follow a temperature gradient in which the cold part
systematically enriches in heavy isotopes (Figure 3.9). They attribute this isotopic frac-
tionation to a thermal migration process involving a top—down sill injection during
which the isotopic distribution mostly follows a vertical temperature gradient.

Figure 3.8: Silicon isotopic variations for volcanoes of Cedar Butte (Zambardi et al., 2014) and Hekla
(Savage et al., 2011). The differentiation trend from CB clearly follows the igneous array defined in
Savage et al. (2011).

Equilibrium Si isotope fractionation in hydrothermal processes
Quartz is a most common mineral that occurred in the products of hydrothermal pro-
cesses, such as the gangue mineral of vein deposits, the silica sinter of hot spring and
the silica band of banded iron formation and silcretes. The origin and forming process
of quartz is an important issue in the study of the hydrothermal processes. The silicon
isotope compositions of quartz have been investigated since the beginning of silicon
isotope investigation, and more than thousands of data have been obtained. For inter-
pretation of these data, the knowledge on the Si isotope fractionation factor between
quartz and fluid is essential.

The experimental investigation on the Si isotope fractionation factor between
quartz and fluid has been carried out by a number of research groups (Li et al., 1995a;
Geilert et al., 2014a; Roerdink et al., 2015; Pollington et al., 2016).
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Figure 3.9: Isotopic signatures of Si as a function of the sample spatial position in the Finland Gra-
nophyre sill. The sill varies from high silica leucogranite (75 wt.% Si0,) at its top to monzodiorite
(59.5 wt.% Si0,) at its base but has irregular SiO, variations within its middle. Si isotopic signatures
show systematic changes with drill core depth/spatial position within the sill. Notably, they do not
conform to previously defined trends of isotopic variation with SiO, (extent of differentiation). This
observation implies that spatial position, perhaps indicative of a temperature gradient/thermal dif-
fusion signature, better explains the isotopic signature than the differentiation index in this case.
After Zambardi et al. (2014).

Li et al. (1995a) carried out an isotopic fractionation experiment on the precipita-
tion of silica from the H,SiO,, solution. They found that rather than equilibrium frac-
tionation, the major mechanism to control the silicon isotopic fractionation in this
system is a kind of kinetic isotope fractionation.

Geilert et al. (2014a) performed seeded silica precipitation experiments using
flow-through reactors in the temperature range of 10-60°C to quantify the silicon
isotope fractionations when amorphous silica precipitates from a flowing aqueous
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solution. They found that the effective Si isotope fractionation during precipitation
from a solution was subject to changes in the saturation state, reactive surface area
and flow regime. Therefore, they inferred that solid—fluid fractionation in natural
surface environments was system dependent to a significant extent. They concluded
that in their experiments the kinetic Si isotopic fractionation was dominated, which
favored the lighter isotope in the solid reaction product at steady state and would tend
to overprint any equilibrium fractionation.

Roerdink et al. (2015) studied experimentally the kinetic and equilibrium sil-
icon isotope fractionation in the formation of non-biogenic chert deposits. They
presented new constraints on the magnitudes of kinetic and equilibrium isotope
effects during chemical precipitation of amorphous silica in batch-reactors. They
suggest that silica deposition in the batch-reactors is kinetically-dominated at the
start of the experiments but approaches a metastable equilibrium after ca. 400
hours.

Dupuis et al. (2015) calculated the equilibrium fractionation factors for silicon iso-
topes of quartz, kaolinite, and dissolved silicic acid at room temperature (300 K) by
using first-principles methods. They found that quartz is more enriched in 3°Si than
H,Si0, by 2.1%o, which show significant disagreement with the observations in nat-
ural environment at low temperature where precipitated silica is enriched in lighter
isotopes.

He and Liu (2015) calculated equilibrium Si isotope fractionation factors among
orthosilicic acid (H,Si0,) and quartz by using the full-electron wave-function quan-
tum chemistry methods with a new cluster-model-based treatment. Similarly, they
found that heavy Siisotopes would be significantly enriched in quartz than in H,SiO,
solution.

Pollington et al. (2016) presented the measurements of silicon isotope ratios from
experimentally precipitated quartz and estimate the equilibrium fractionation versus
dissolved silica using SIMS to directly analyze experimental products. Quartz over-
growths up to 235 pm thick were precipitated in silica-H,0-NaOH-NaCl fluids, at pH
12-13 and 250°C. At this temperature, A*Si g, guiq) = 0.55(0.10)%o, yielding the rela-
tions 10001n a®°Si g, _guiq) = (0.15%0.03) x 106/T2. The application of the experimen-
tal quartz growth results to observations from natural sandstone samples suggests
that precipitation of quartz at low temperatures in nature is dominated by kinetic,
rather than equilibrium, processes. These results agree well with recent calculations
of silicon isotope fractionation (Figure 3.10), but are significantly different from previ-
ous experimental and empirical estimates.

The close agreement at 250°C between the experiments in Pollington et al. (2016)
and recent calculations for H,SiO, and H;SiO,~ molecules (0.08%0 lower and 0.64%o
higher respectively than the current experiments) suggest that the values measured
in Pollington et al. (2016) represent equilibrium fractionation between quartz and dis-
solved silica.
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Figure 3.10: Estimations of silicon isotope equilibrium fractionation factors in silica—fluid (and
quartz-fluid) system at low temperatures. Thick black line is fit through experimental data of
Pollington et al. (2016) and 0%e. at infinite temperature. Open circles are calculations of Dupuis

et al. (2015) based on phonon frequencies and represent 1000 In a3°Si(QtZ_H35i0;) =3.69 and

1000 In a®°Si(q,_y, sio,) = 2.09; at the pH of experiments (=12), the dominant species was H3Si0,",
with minor H,Si0,%". Curves that pass through the open circles are temperature dependent fits cal-
culated in Dupuis et al. (2015) for 1000 In a*°Si g,y sio;) and 1000 In a*°Si(qy,_,sio,); Curves are
solid over the temperature range reported in the previous study (0-50°C) and dashed where extrap-
olated (50-1000°C). Revised from Pollington et al. (2016).

3.2 Kinetic fractionation of silicon isotopes

Kinetic isotopic fractionation is an important type of isotopic fractionation, which is
associated with incomplete and unidirectional processes like evaporation, dissocia-
tion reactions, biologically mediated reactions and diffusion. A kinetic isotope effect
also occurs when the rate of a chemical reaction is sensitive to atomic mass at a par-
ticular position in one of the reacting species.

Kinetic fractionation is also important for silicon isotopes. Because compounds
containing 3°Si, °Si and 2Si have different molecular weights and vibration energies,
they will show some differences in their rates of movement and reactions in various
physical, chemical and biological processes, leading to kinetic fractionation of silicon
isotopes. For example, in the process of preparation, extraction and mass analyses of
SiF,, silicon isotope fractionation can occur if the analysis is not performed correctly.
Hence, measures must be adopted to avoid this kind of fractionation. However, be-
cause SiF, is rare in the nature, we will not pay too much attention to it here. In the
discussion below, the kinetic fractionation of silicon isotopes observed in nature will
be emphasized.
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3.2.1 The generally characters of kinetic isotope fractionations

The theory of kinetic isotope fractionations has been discussed by Bigeleisen and
Wolfsberg (1958), Melander (1960) and Melander and Saunders (1980). Knowledge of
kinetic isotope effects is very important, because it can provide information about de-
tails of reaction pathways. Quantitatively, many observed deviations from simple equi-
librium processes can be interpreted as the consequences of various isotopic compo-
nents having different rates of reaction. Isotope measurements taken during unidirec-
tional chemical reactions always show a preferential enrichment of the lighter isotope
in the reaction products. The isotope fractionation introduced during the course of
unidirectional reaction may be considered in terms of the difference on rate constants
for the isotopic substances. Thus, for two competing isotopic reactions,

Al g Bl’ and A2 g B2

The ratio of rate constants for the reaction of light and heavy isotope species k; /k,, as
in the case of equilibrium constants, is expressed in terms of two partition function
ratios, one for the two reactant isotopic species, and one for the two isotopic species
of the activated complex or transition state, AX:

kl/kz = [(Q:Az)/QFAl))/(Q(*AXZ)/Q(*AXI)] X (V1/V2)- (3.7)

The factor v, /v, in the expression is a mass term ratio for the two isotopic species.
The determination of the ratio of rate constants is, therefore, principally the same as
the determination of an equilibrium constant, although the calculations are not so
precise because of the need for detailed knowledge of the transition state. The term
transition state refers to the molecular configuration that is most difficult to attain
along the path between the reactants and the products. This theory follows the con-
cept that a chemical reaction proceeds from some initial state to a final configuration
by a continuous change, and that there is some critical intermediate configuration
called the activated species or transition state. There are a small number of activated
molecules in equilibrium with the reacting species and the rate of reaction is con-
trolled by the rate of decomposition of these activated species.

3.2.2 Several important kinetic Si isotope fractionation processes in natural
environments

3.2.2.1 Silicon isotope fractionation in the evaporation and condensation
processes of silicate

Reactions of solid and gas phases are important in the formation of the planet. There-

fore, this kind of reaction is an important issue of scientific study. Tsuchiyama (1990)
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and Uyeda and Tsuchiyama (1990) have made experimental studies on the silicon iso-
topic aspects of this reaction. In their studies, the experimental materials of pyroxene
and olivine were placed in a vacuum furnace for evaporation and condensation ex-
periments. The silicon isotopic compositions of residuals and condensates were ana-
lyzed with SIMS. The results show that at high temperature (>1 100°C), the condensate
contains more 3°Si than the starting material. As the temperature decreases, the con-
densates become enriched in 28Si. The condensates formed at 400°C had 6°°Si values
which are 40%o lower than those formed at a temperature of 1100°C. Uyeda et al.
(1990) suggested that this variation could be explained by means of Rayleigh fraction-
ation processes. The variation of silicon isotopic compositions found in meteorites and
inclusions in meteorites can be interpreted in terms of this fractionation.

Volatility is the most important property that produced chemical differentiation
among bodies in the solar system (Larimer, 1967; Larimer and Anders, 1967). At low
temperatures, volatility brought about the distinction between the inner rocky plan-
ets and the outer gaseous planets. At higher temperatures, volatility was important in
determining the compositions of the terrestrial planets. At very high temperatures,
volatility was responsible for the formation of calcium-, aluminum-rich inclusions
(CAIs) in carbonaceous chondrites, which play a key role in understanding early solar
system processes (Grossman, 1972).

CAls are <1 mm to >1 cm sized objects with mineralogy consistent with high con-
densation temperatures in a gas of solar composition (>1400 K at 10> atm, Gross-
man, 1972), and consist primarily of oxides and silicates of aluminum, calcium and
magnesium with minor titanium. Relative to ferromagnesian chondrules and to bulk
chondrites, the bulk compositions of CAls are enriched in aluminum, calcium and ti-
tanium, and also in refractory trace elements; they are depleted in volatile elements
such as sodium and iron. CAls range in shape from highly irregular to nearly spherical.
Different types of CAls have been found in meteorites (Grossman, 1980; Macpherson
et al., 1988).

There are two hypotheses for the origin of CAls: either as early condensates from
the cooling solar nebula (Grossman, 1972; Boynton, 1975; Davis and Grossman, 1979)
or as evaporation residues of preexisting material (Kurat, 1970; Tanaka and Masuda,
1973; Chou et al., 1976; Notsu et al., 1978; Nagasawa and Onuma, 1979; Hashimoto et
al., 1979; Lee et al., 1979, 1980; Hashimoto, 1983; Niederer and Papanastassiou, 1984;
Clayton et al., 1988; Davis et al., 1990; Ireland et al., 1992). A recent model suggests
that CAls formed as condensates, but were modified by evaporation (Grossman et al.,
2000).

Although the origin of CAls in meteorites is still a disputed issue, evaporation is
clearly an important process in the formation of some CAls in the early solar nebula.

Stable isotope fractionation measurements can be used to distinguish between
evaporation and condensation processes. Isotopic fractionation between a gas and
a condensed phase is generally small if the two phases are in equilibrium with each
other at high temperatures. In contrast, heavy-isotope enrichment, up to a few %/amu
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in magnesium, silicon, oxygen, titanium and calcium can result from the kinetic effect
between vapor and liquids or solids due to non-equilibrium evaporation of the precur-
sor material (Davis et al., 1990, 1995).

Molini-Velsko et al. (1987) reported silicon isotope analysis of evaporation residues
of one basalt and two carbonaceous chondrites produced by heating in a solar fur-
nace. They found that the residues were enriched in the heavy isotopes of silicon by
about +1.1 to +1.8%o0/amu after 80% evaporation of the original sample. Davis et al.
(1990) studied forsterite residues evaporated from the melt under vacuum and showed
that the isotopic compositions of the residues are significantly enriched in the heavy
isotopes of silicon and that the degree of evaporation and the isotopic compositions
follow the Rayleigh law. Uyeda et al. (1991) used a Rayleigh law to explain isotopic
fractionation in both the residue and the condensates by evaporating forsterite in the
solid state under vacuum.

Wang et al. (2001) investigated the chemical and isotopic evolution during the
evaporation process based on a synthetic material of solar elemental ratios of iron,
magnesium, silicon, titanium, calcium and aluminum oxides doped with REE, evap-
orated in a vacuum furnace at 1800 and 2 000°C for different durations. These oxides
comprise more than 95 mol.% of the condensable solar material in the inner plane-
tary region of the primordial solar nebula. Vacuum evaporation eliminates the com-
plicated interaction between the gas and condensed phase and manifests the intrin-
sic nature of the evaporation of compound materials. Kinetic isotopic fractionation of
silicon follows the Rayleigh distillation law during the laboratory evaporation of syn-
thetic solar composition material. This implies that the residue is well mixed during
the evaporation process and that the evaporation kinetic processes (both chemical
and isotopic) are surface reaction-controlled. The isotopic mass fractionation factors
are lower than those predicted from theoretical calculations by using the square root
of mass ratios of likely evaporating species. Thus, the surface reaction is more com-
plicated than decomposition into single gas species of each element.

Figure 3.11 illustrates the relationship between the isotopic ratio R in the residue
relative to its starting ratio R, and the fraction (f) of its elemental abundance remain-
ing for magnesium, oxygen and silicon. A linear relationship between 10001n(R/R,)
and —In(f) is expected if evaporation follows the Rayleigh fractionation law: R/R, =
fA/%D ‘where, a is the gas-melt isotopic fractionation factor. The fact that the isotopic
fractionations from the experiments reported here follow a Rayleigh distillation law
indicates that the residual melt was isotopically homogeneous during the evaporation
process. If diffusion is the main transport mechanism within the residues, the diffu-
sion rates of magnesium, oxygen and silicon in the melt must be quite fast. Strictly
speaking, the non-dimensionalized sizes, W [where W is defined as wv/D, with w =
sample size, v = evaporation rate and D = diffusion coefficient (Wang et al., 1999)], of
evaporation experiments should be less than 0.2. Evidence for Rayleigh behavior of
the solar composition melt suggests that values of W are not very different from those
of the forsterite melt.
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Figure 3.11: The silicon isotopic compositions of evaporation residues plot along straight lines in
this diagram, as expected for a system that follows a Rayleigh relationship. R is the isotope ratio
in the residue, R, is the isotope ratio in the starting material and f is the fraction of the element

remaining in the residue. After Wang et al. (2001).

The slopes of the fitted lines in Figure 3.11 can be used to derive the fractiona-
tion factor a between the residual melt and the evaporating gas for 2°Si/?8Si [slope =
1000(1 - 1/a)]. The results are shown in the legend in Figure 3.11. The kinetic isotopic
fractionation factors from other evaporation experiments and theoretical calculations
are also listed in Table 3.3 for comparison.

Table 3.3: Melt/gas isotopic fractionation factors (@) during the evaporation process.

Starting material  3°Si/28Si Reference

Solar melt 1.0169 + 0.0000 Davis et al. (1990)
Mg,Sio, 1.0142 £ 0.0004 Davis et al. (1990)
Theoretical 1.0225(Si0) Wang et al. (1999)
Theoretical 1.0165(Si0,) Wangetal. (1994)

Isotopic fractionation factor a is defined as R
cess.

condensed/ Rgas @t any moment during the evaporation pro-

Mendybaev et al. (2013) conducted a series of experiments to test the proposition
that the mass-fractionation effects of Si isotopic system in Fractionation and Unidenti-
fied Nuclear (FUN) CAIs (calcium-, aluminum-rich inclusions) were the result of evap-
oration of at least partially molten precursors. In their experiments, two magnesium-
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Figure 3.12: Rayleigh plot of the Si isotopic fractionation of the FUN1 and FUN2 evaporation residues
as a function of the amount of 28Si remaining in the residue. The silicon isotopic composition of all
FUN1 and FUN2 residues plot along a single line fit by a, ,5 = 0.9899 + 0.0004, which is the same as
0.9899 + 0.0004 obtained for residues of a Type B CAl-like melt by Knight et al. (2009). The data for
molten Mg,Si0, evaporated at 1900°C plot along a line with slope a, 55 = 0.9925 + 0.0001 (Davis et
al., 1990). The reason why molten Mg, Si0, is characterized by different silicon fractionation factor
than other compositions studied remains unclear. After Mendybaev et al. (2013).

and silicon-rich melts (FUN1with 53.4 wt.% MgO and 41.3% SiO,, and FUN2 with 32.7%
MgO and 38.7% SiO,, and Al,05 and CaO in solar proportions) were evaporated into
vacuum at 1900°C for various lengths of time. The chemical and isotopic composi-
tions of the evaporation residues were measured and compared to two of the most
highly mass-fractionated FUN CAls, Vigarano 1623-5 and Allende C1.

The #Si/?8Si fractionation factor a,g ,g = 0.9899 +0.0004 was found to fit the data
from the entire set of residues. Simple linear correlation was found for §°Si as a func-
tion of the fraction of silicon remaining in the residues (Figure 3.12).

3.2.2.2 Silicon isotopic fractionation caused by meteorite impact on rocks in lunar
surface

Epstein and Taylor (1971, 1973) studied the silicon isotope composition of lunar rocks

and soils. Their data indicate that during meteorite impact on lunar rocks to form lunar

soils, kinetic fractionation of silicon isotopes can occur, leading to 3°Si enrichment in

lunar soils. This process can cause §°°Si variations as large as 30%o. Detailed condi-

tions will be described in Chapter 4.
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3.2.2.3 Kinetic fractionation of silicon isotopes in the process of precipitation of
SiO, from a solution

The kinetic silicon isotopic fractionation is found important in a large number of the

biotic and abiotic processes of SiO, precipitation from a solution.

Based on the fact that the sponge spicules, opal sinter and clay minerals are al-
ways enriched in 285j relative to the solution, Douthitt (1982) suggested the existence of
this kinetic fractionation and inferred that the a?°Sig 1 solution iS 0.9963-0.996. Since
then, quite a number of empirical and experimental studies on this kind of kinetic Si
isotope fractionation have been carried out.

The kinetic silicon isotopic fractionation in abiotic processes of SiO, precipitation
from a solution

The experimental investigation on the Si isotope fractionation factor between quartz
and fluid has been carried out by a number of research groups (Li et al., 1995a; Geilert
et al., 2014a; Roerdink et al., 2015; Pollington et al., 2016).

Li et al. (1995a) carried out an isotopic fractionation experiment on the precip-
itation of silica from a H,SiO, solution. The steps used in their experiment were a
reaction of Na,SiO, with HCl to form a H,SiO, solution, followed by H,SiO, poly-
merization to form a SiO, precipitate. They found that the major mechanism to con-
trol the silicon isotopic fractionation in this system is a kind of kinetic isotope frac-
tionation. The a values obtained in the experiments are from 0.9990 to 0.9996 (Fig-
ure 3.13).

Geilert et al. (2014a) performed seeded silica precipitation experiments using
flow-through reactors in the temperature range of 10-60°C to quantify the silicon
isotope fractionations when amorphous silica precipitates from a flowing aqueous
solution. Their experiments were designed to simulate silica deposition induced by
a temperature drop, with particular relevance for near surface hydrothermal systems
associated with steep temperature gradients. Monitored differences in 3°Si/?8Si and
295i/?85j ratios between input and output solutions showed a systematic sequence
in behavior. Before the reaction system reached steady state, the observed isotope
shifts were influenced by dissolution of the seed material, the saturation state of the
solution and the specific surface area of the seeds. After reaching steady state, the
selective incorporation of silicon isotopes by the solid phase exhibited an explicit
temperature dependency: the lighter isotopes were preferentially incorporated, and
apparent fractionation magnitudes increased with decreasing temperature. Calcu-
lated magnitudes of silicon isotope fractionations between precipitated and dissolved
silica (A%°Si = 6%°Siyecipitate (calculated) — 8 Slinput solution) WeTe —2.1%o at 10°C, ~1.2%o
at 20°C, —-1.0%0 at 30°C, —0.5%0 at 40°C, 0.1%o0 at 50°C and 0.2%o at 60°C. Thus, the
fractionation was nearly insignificant at temperatures higher than 50°C. They found
also that the effective Si isotope fractionation during precipitation from a solution
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Figure 3.13: A plot showing silicon isotope fractionation during SiO, precipitation from a water so-
lution in a Rayleigh process, where f is the fraction of remaining dissolved Si in a water solution
and 1- f is the fraction of accumulated precipitated SiO,. The 3°°Si of the starting water solution is
assumed to be 0%o and the Si isotope fractionation factor between the SiO, precipitate and water
solution (@pe_ys) is 0.999.

was subject to changes in the saturation state, reactive surface area and flow regime.
Therefore, they inferred that solid—fluid fractionation in natural surface environments
was system dependent to a significant extent.

They concluded that in their experiments the kinetic Si isotopic fractionation was
dominated, which favored the lighter isotope in the solid reaction product at steady
state and would tend to overprint any equilibrium fractionation.

Roerdink et al. (2015) studied experimentally the kinetic and equilibrium sili-
con isotope fractionation in the formation of non-biogenic chert deposits. They pre-
sented new constraints on the magnitudes of kinetic and equilibrium isotope effects
during chemical precipitation of amorphous silica in batch-reactors at low tempera-
ture (10-35°C) and near-neutral pH (7.5-8.5), as an analogue for non-biogenic chert
formation (Figure 3.14). The instantaneous fractionation factors [a;,s = (63OSippt +
1000)/(8°°Sirp + 1000)], derived from 6°Si of the total dissolved silica (Siyp) and
mass balance computations, decrease with progressive precipitation and reduced
reaction rates. This suggests that silica deposition in the batch-reactors is kinetically-
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Figure 3.14: Experimental results of kinetic silicon isotope fractionation factors in the silica—fluid
and quartz—fluid systems at low temperatures. The abbreviations are: Do = Douthitt (1982); Du =
Dupuis et al. (2015); Li = Li et al. (1995a); Ge = Geilert et al. (2014a); RoM = metastable values from
Roerdink et al. (2015); RoK = kinetic values from Roerdink et al. (2015). After Pollington et al. (2016).

dominated at the start of the experiments but approaches a metastable equilibrium
after ca. 400 hours. Modeled kinetic fractionation factors range from 0.9965 at 10°C,
to 0.9976 at 20°C and 0.9993 at 35°C and pH 8.5, whereas equilibrium isotope effects
are smaller and range from 0.9995 at 10°C, to 1.000 at 20°C and 1.0005 at 35°C. Their
results suggest that large isotope effects are only expressed in natural systems where
dissolved and precipitated silica are not equilibrated, implying that the kinetic con-
ditions of non-biogenic silica precipitation provide important constraints on silicon
isotope ratios of siliceous rocks, with particular relevance for those preserved in the
Archean chert record.

The kinetic Si isotope fractionation factor between precipitates and dissolved sil-
ica in fluids (A**Sijecgiss) i still not well constrained in the literature. Large discrep-
ancies exist between laboratory experiments and studies of natural samples (Li et al.,
1995a; Delstanche et al., 2009; van den Boorn et al., 2010; Chakrabarti et al., 2012;
Geilert et al., 2014a). Basile-Doelsch et al. (2005) used an average A*° Siprec-diss Value
of —1.5%0 in their pedogenic and groundwater silcrete studies. Other values of —2.3%o
(van den Boorn et al., 2010), —2.0 and —3.0%o (Chakrabarti et al., 2012) have also been
used in the literature for kinetic fractionation of Si isotopes between solids and fluids.
Recent theoretical work by Dupuis et al. (2015) suggested that A3°Siprec_diSS value at
27°C is +2.1%o for equilibrium reactions, which is far from kinetic fractionation val-
ues.
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The kinetic silicon isotopic fractionation in biological processes
Silica has been found to exist in a number of biological materials, such as the silica
shells or skeletons in diatoms, radiolarian and sponges, and as phytoliths in plants
of rice, bamboo, wheat, maize, banana, tomato, cucumber and equiseta. Large varia-
tions in 6°°Si values have been found in various kinds of organisms. It is found that in
natural environments, when silicic acid is taken by biological species from water so-
lution (sea water, surface water and pore water), the light silicon isotope (?8Si) always
move into the biological bodies preferentially. When silica precipitates from silicon-
bearing solution in plants, the light silicon isotope (?3Si) also precipitates preferen-
tially.

To understand the silicon isotopic fractionation in biological processes, a number
of experimental studies have been carried out.

1) The kinetic silicon isotopic fractionation in growth of marine diatoms from seawater

De La Rocha et al. (1997) studied the silicon isotope fractionation by marine di-
atoms the first time. They brought up three species of marine diatoms, Skeletonema
costatum, Thalassiosira weissflogii and Thalassiosira sp. in batch culture and used the
6°°Si value of the diatom silica and that of the initial silicic acid in the culture medium
to compute a fractionation factor (a). They found that the values of a for the three
species were nearly identical, averaging 0.9989+0.0004, which corresponds to the
production of diatom silica with a §°°Si value that is 1.1%o more negative than that
of the dissolved silicon utilized for growth. Besides, they found also that the fraction-
ation factor did not vary with temperature and the consequent change in growth rate.
They simulated the silicon isotope fractionation during opal precipitation by diatoms
as shown in Figure 3.15.

Later, Sutton et al. (2013) studied silicon isotope fractionation by seven species
of polar and sub-polar marine diatoms grown in semi-continuous unialgal cultures
under optimal irradiance and temperature for each diatom strain. They found that in
the process of SiO, precipitation from seawater by diatoms the Si isotope fractiona-
tion factor was species-dependent. The greatest difference of the Si isotope composi-
tion between diatom and seawater (A*°Sig;,iom.sw) Was observed in two species from
the Southern Ocean, Fragilariopsis kerguelensis (—0.54%o, average for two strains)
and Chaetoceros brevis (-2.09%o). The A*°Siy;.om-sw for the other species, both po-
lar and sub-polar, ranged from -0.72%o to —1.21%o0. The two remaining polar di-
atoms had A*°Sigi,iom.sw values of —0.74(+0.05)%o for Thalassiosira antarctica, and
-1.21(+0.04)%o0 for Thalassiosira nordenskioeldii, while the sub-polar species had
A%°Sigiatom-sw values of —0.72(+0.04)%o for Thalassiosira weissflogii, —0.88(+0.06)%o
for Thalassiosira pseudonana (CCCM58), —0.97(+0.14) %o for Thalassiosira pseudonana
(CCMP1014) and -1.15(+0.03)%o for Porosira glacialis. The range in A*°Sig;pom-sw for
the diatoms evaluated in this study may be large enough to significantly impact the Si
isotope composition measured in diatom opal (6°°Sipg;) from marine sediments and
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Figure 3.15: Simulation of silicon isotope fractionation during opal precipitation by diatoms. Curves
depict changes in the 3°°Si of dissolved silicon (dotted line), biogenic silica produced at each in-
stant during the depletion of dissolved silicon (solid line), and accumulating biogenic silica (dashed
line). Rayleigh equations used were Ryg; = R,f*™, Ry, = aRyf @ and R, = Ry(1 - f*)/(1 - ),
where R =39Si/28Si, a = 0.9989, and f was the fraction of dissolved silicon remaining in solution.
After De La Rocha et al. (1997).

its subsequent interpretation. They suggested that future work should assess phyto-
plankton taxonomic composition when using §°°Sig; as a proxy for Si utilization.

2) The kinetic silicon isotopic fractionation between rice plants and nutrient solution
Ding et al. (2008b) studied the silicon isotope fractionation between a rice plant
and nutrient solution experimentally. In their experiments, rice plants were grown to
maturity with the hydroponic culture in a naturally-lit glasshouse. The nutrient so-
lution was sampled for 14 times during the whole rice growth period. The rice plants
were collected at various growth stages and different parts of the plants were sam-
pled separately. The silica contents of the samples were determined by the gravimetric
method and the silicon isotope compositions were measured using the SiF, method.
In the growth process, the silicon content in the nutrient solution decreased grad-
ually from 16 mM at starting stage to 0.1~0.2 mM at harvest and the amount of silica
in single rice plant increased gradually from 0.00013 g at start to 4.329 g at harvest.
Within the rice plant, the SiO, fraction in roots reduced continuously from 0.23 at the
seedling stage, through 0.12 at the tiller stage, 0.05 at the jointing stage, 0.023 at the
heading stage, to 0.009 at the maturity stage. Accordingly, the fraction of SiO, in aerial
parts increased from 0.77, through 0.88, 0.95, 0.977, to 0.991 for the same stages. The
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silicon content in roots decreased from the jointing stage, through the heading stage,
to the maturity stage, parallel to the decrease of silicon content in the nutrient solu-
tion. At the maturity stage, the silicon content increased from roots, through stem and
leaves, to husks, but decreased drastically from husks to grains. These observations
show that transpiration and evaporation may play an important role in silica trans-
portation and precipitation within rice plants.

It was observed that the §°°Si of the nutrient solution increased gradually from
—0.1%o at start to 1.5%o at harvest, and the §°°Si of silicon absorbed by bulk rice plant
increased gradually from —1.72%o at start to —0.08%o at harvest, reflecting the effect of
the kinetic silicon isotope fractionation during silicon absorption by rice plants from
nutrient solutions (Figure 3.16). The calculated silicon isotope fractionation factor be-
tween the silicon instantaneously absorbed by rice roots and the silicon in nutrient
solution vary from 0.9983 at start to 0.9995 at harvest. In the maturity stage, the 6>°Si
value of rice organs decreased from —1.33%o in roots to —1.98%eo in the stem, and then
increased through -0.16%o in the leaves and 1.24%o in the husks, to 2.21%o in the
grains. This trend is similar to those observed in the field grown rice (Ding et al., 2005a)
and bamboo (Ding et al., 2008a).

53Sings-28(%o0)

0 0.2 0.4 0.6 0.8 1

Figure 3.16: The 43°Si variation curves for the silicon in the nutrient solution and Si accumulated
in rice plant, as functions of (1 - f). The 8°°Si of calculated Si transient absorbed by rice is also
plotted. f = fraction of silicon remaining in nutrient solution. P02—P05: the samples of different
stages. Revised from Ding et al. (2008b).

These quantitative data provide us a solid base for understanding the mechanisms of
silicon absorption, transportation and precipitation in rice plants and the role of rice
growth in the continental Si cycle.

Sun et al. (2008) studied the silicon isotope composition and Si distribution
among different organs of rice plants collected at maturity stage. It was observed that
there was a consistent increasing trend from lower to upper tissues (stem < leaf < husk
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< grain). The range of §°°Si variation among rice plant tissues was quite large (from
—2.7%0 to 2.3%o). The trend and scale of §3°Si variation observed in the experiment
were similar to those observed in field grown rice (Ding et al., 2005a), reflecting kinetic
isotope effects during Si deposition in the rice plant. They indicate that the isotope
fractionation during Si deposition in the rice plant could be a Rayleigh-like process.

3) Silicon isotopic fractionation by banana grown in a continuous nutrient flow device
Opfergelt et al. (2006b) reported a study on silicon isotopic fractionation by ba-
nana grown in a continuous nutrient flow device. Banana plantlets were grown in hy-
droponics at variable Si supplies (0.08, 0.42, 0.83 and 1.66 mM Si). The A?’Siy ;200 psi
between bulk banana plantlets and source solution is —0.40(+0.11)%o. This confirms
that plants fractionate Si isotopes by depleting the source solution in ?8Si. The intra-
plant A?°Si between roots and shoots amounts to —0.21(+0.08)%o. Si isotopic compo-
sitions of the various plant parts indicate that heavy isotopes discrimination occurs
at three levels in the plant (at the root epidermis, for xylem loading and for xylem un-
loading). At each step, preferential crossing of light isotopes leaves a heavier solution.

3.2.2.4 Kinetic silicon isotope fractionation in adsorption and desorption of
aqueous monosilicic acid on iron oxide

Monosilicic acid can be withdrawn from soil solution through its sorption onto alu-
minum and iron oxides (Beckwith and Reeve, 1963; Jones and Handreck, 1963; Mck-
eague and Cline, 1963). Delstanche et al. (2009) studied experimentally the silicon
isotope fractionation in this process by using a system of H,SiO, adsorption onto syn-
thesized ferrihydrite and goethite. They found that the remaining solution was system-
atically enriched in 3°Si, reaching maximum 6°°Si values of 1.4%so for ferrihydrite and
1.0%o for goethite. Based on these results, they suggested that the sorption of H,SiO,
onto synthetic iron oxides produced a similar Si isotopic fractionation to that observed
for Si uptake by plants and diatoms.

3.2.2.5 Kinetic silicon isotope fractionation when clay minerals precipitate from
soil solution

Ziegler et al. (2005a) studied the silicon isotope fractionation when clay minerals pre-

cipitate from a soil solution in weathering processes. They observed experimentally

that the 6°°Si value of a soil solution increases by about 1.5%0 when clay minerals

precipitate at 25°C, but only by 1.0%0 when allophone precipitates at 90°C (Ziegler et

al., 2005a).
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Studies of the distribution of silicon isotopes in nature is one of the important issues
in silicon isotope geochemistry, as it provides the foundation for geological applica-
tions of silicon isotopes. The study on the distribution of silicon isotopes in nature
was started in the middle of the twentieth century. Quite a number of data on silicon
isotope compositions of extraterrestrial materials were reported in the 1970s-1980s
of the twentieth century. During 1980s-1990s of the last century, the study on sili-
con isotope compositions of terrestrial materials was carried out systematically, and
a large amount of data have been obtained. Based on these results, a monograph en-
titled “Silicon Isotope Geochemistry” was published in 1996, in which the basic char-
acteristics of silicon isotope distribution in nature were delineated in principle. Since
then, especially in this new century, comprehensive studies on silicon isotope com-
positions have been undertaken on various types of natural materials, and tremen-
dous data have been gathered. For providing a solid background for silicon isotope
application, the silicon isotope distributions in various fields are summarized below
(Figure 4.1).

4.1 Silicon isotope compositions of extraterrestrial materials

The silicon isotope compositions of extraterrestrial materials, such as meteorites and
lunar samples, have been investigated since the 1950s of the twentieth century, and a
wealth of data of them has been accumulated.

4.1.1 Meteorite

The silicon isotope compositions attracted the attention of geochemical researchers
for two major reasons. Firstly, the silicon isotopic compositions of meteorites may rep-
resent the average values of the planetary system. Secondly, silicon in meteorites may
preserve primary distinctive isotopic features from the time when the solar system was
formed.

Analytical results for silicon isotopes in meteorites were firstly published by
Reynolds and Verhoogen (1953). They analyzed the composition of silicon isotopes
from the Melrose meteorite, and obtained a §°°Si value of —1.0%po relative to that of
olivine from a dunite in North Carolina, USA. Since then, there has been more de-
tailed study with analyses made by gas isotope mass spectrometry method, the SIMS
method and the MC-ICPMS method. The analyzed materials include bulk samples of
various chondrites and achondrites, CAls and grains of SiC and graphite.

https://doi.org/10.1515/9783110402452-004
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4.1.1.1 Silicon isotope compositions of bulk samples of meteorites

The silicon isotope compositions of bulk samples of meteorites were analyzed by
Molini-Velsko et al. (1986), Grossman et al. (2008) with the SiF, method and by Georg
et al. (2007a), Fitoussi et al. (2009), Savage et al. (2010), Zambardi and Poitrasson
(2011), Armytage et al. (2011, 2012), Fitoussi and Bourdon (2012), Pringle et al. (2013),
Savage and Moynier (2013), Zambardi et al. (2013), Savage et al. (2014) and Dauphas
et al. (2015) with the MC-ICPMS method.

It can be seen from Figure 4.1 and Figure 4.2 that the 6°°Si values of bulk meteorites
vary from —1.4%o to 0. 0%o, with an average value of —0.5%o.

Considering the silicon isotope distribution in various meteorites separately, the
6%°Si values of different types of chondrites and achondrites are compared in Fig-
ure 4.3. The 6°°Si values of ordinary chondrites vary in a range from —0.8%o to —0.1%.o,
with an average of —0.5%o. The §°°Si values of achondrites vary in a range from —1.0%o
to —0.2%o, with an average of —0.5%o. The 6°°Si values of carbonaceous chondrites
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Figure 4.2: The histogram of 33°Si values for all samples of bulk meteorites. Date are taken from
Molini-Velsko et al. (1986), Grossman et al. (2008), Georg et al. (2007a), Fitoussi et al. (2009), Sav-
age et al. (2010), Zambardi and Poitrasson (2011), Armytage et al. (2011, 2012), Fitoussi and Bourdon
(2012), Pringle et al. (2013), Savage and Moynier (2013), Zambardi et al. (2013), Savage et al. (2014)
and Dauphas et al. (2015).

vary in a range from -1.1%o to 0.0%o, with an average of —0.5%0. These three types of
meteorites show similar distribution, although the variation range for ordinary chon-
drites is a little smaller than those of other two types. However, the 6°°Si values of en-
statite chondrites vary in a range from —1.4%0 to —0.4%o0, with an average of —0.7%o,
which is relatively lower than those of three other types of meteorites.

To understand the difference between enstatite chondrite with other types of me-
teorites, Ziegler et al. (2010), Savage and Moynier (2013), Zambardi et al. (2013) and
Armytage et al. (2011) investigated the chemical and Si isotopic characteristics of en-
statite chondrite in detail. It is known that enstatite chondrites contain significant (on
the order of ~2 wt.%), and variable proportions of Si dissolved in the metal phases
(Krot et al., 2007) and the 6°°Si value of Si in the metal phase is relatively lower than
that in the silicate phase (Ziegler et al., 2010). Savage and Moynier (2013), Zambardi et
al. (2013) and Armytage et al. (2011) analyzed the silicon isotope compositions of EH
chondrite (high density enstatite chondrite) and EL chondrite (low density enstatite
chondrite) separately. They found that the EH chondrite with relatively high Fe con-
tent shows 6°°Si values slightly lower than those of the EL chondrite with relatively
low Fe content (Figure 4.4A). It seems that the §°°Si values of the EL chondrite are more
consistent to those of the ordinary chondrites, carbonaceous chondrites and achon-
drites.
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Figure 4.3: 5°°Si values of bulk samples of major types of meteorites. A: Carbonaceous chondrites;
B: Ordinary chondrites; C: Enstatite chondrites; D: Achondrites. The data are from Molini-Velsko et
al. (1986), Georg et al. (2007a), Fitoussi et al. (2009), Savage et al. (2010), Zambardi and Poitrasson
(2011), Armytage et al. (2011, 2012), Fitoussi and Bourdon (2012), Pringle et al. (2013), Savage and
Moynier (2013), Zambardi et al. (2013), Savage et al. (2014) and Dauphas et al. (2015).

The silicon isotope composition of different types of achondrites are shown in Fig-
ure 4.5. The 6°°Si values of aubrites vary in a range from —0.4%o0 to —1.0%o0, with an
average of —0.6%o. The 6°°Si values of HED vary in a narrow range from —0.2%o to
-0.5%o, with an average of —0.4%o. The §°°Si values of Martian meteorites vary in a
narrow range from —0.3%o to —0.8%o, with an average of —0.5%o. The §°°Si values of
ureilites vary in a narrow range from —0.2%o to —0.6%0, with an average of —0.4%o0. The
Siisotope compositions of aubrites are slightly lighter than those of other achondrites.

Savage and Moynier (2013) made a comparison study on aubrites and enstatite
chondrites. They point out that the Si isotope composition of aubrites are slightly
lighter than the silicate phases of both EH and EL chondrites, which suggests that
the post-accretion parent body differentiation processes have affected the Si isotope
composition of the aubrites.

EBSCChost - printed on 2/10/2023 8:05 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

4.1 Silicon isotope compositions of extraterrestrial materials =—— 73

Figure 4.4: 5°°Si values of enstatite chondrites. A: Bulk samples of EL and EH enstatite chondrites.
B: Bulk samples of enstatite chondrites. Date are taken from Savage and Moynier (2013), Zambardi
et al. (2013) and Armytage et al. (2011).

For quite a number of meteorite samples, both of §°Si and §°°Si values have been
analyzed. A correlation plot of §°Si and §°°Si for carbonaceous chondrites, ordinary
chondrites, enstatite chondrites and achondrites is shown in Figure 4.6.

4.1.1.2 Silicon isotope compositions of CAls in the chondritic meteorites

The refractory calcium-aluminum-rich inclusions (CAIs) in chondritic meteorites are
the oldest dated solids in the solar system (Amelin et al., 2002; Bouvier and Wadhwa,
2010; Conley et al., 2012). CAls are <1 mm to >1 cm sized objects, which range in shape
from highly irregular to nearly spherical. Different types of CAls have been found in
meteorites (Grossman, 1980; Macpherson et al., 1988).

CAls consist of primarily minerals of oxides and silicates of aluminum, calcium
and magnesium with minor titanium. Compared to ferromagnesian chondrules and
to bulk chondrites, the bulk CAIs are enriched in aluminum, calcium and titanium,
and also in refractory trace elements such as the rare earth elements (REEs), scan-
dium, strontium, yttrium, zirconium, niobium, barium, hafnium, tantalum, thorium,
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Figure 4.5: 3°°Si values of different types of Achondrites. A: Aubrites; B: HED; C: Martian meteorites;
D: Ureilites. Data are from Molini-Velsko et al. (1986), Armytage et al. (2011), Fitoussi et al. (2009),
Pringle et al. (2013).

uranium and refractory siderophile elements. In the meanwhile, CAls are depleted in
volatile elements such as sodium and iron.

The early observations show that: 1) CAls are the oldest solids formed in the so-
lar system and preserved today; 2) CAls provide a record of nucleosynthetic processes
(supernova events) that occurred before the formation of the solar system and 3) CAls
record early solar system conditions. Information on the genesis of CAls should place
constraints on conditions and processes that prevailed during the formation and ear-
liest evolution of the solar nebula.

The silicon isotope compositions of CAls from Allende, Efremovka, Leoville and
Vigarano CV3 chondrites have been analyzed by a number of research groups (Clayton
and Mayeda, 1984; Davis et al., 1991; Shahar and Young, 2007; Grossman et al., 2008;
Williams et al., 2017). A plot of §°Si—5°°Si relationship is shown in Figure 4.7. It can
be seen that all of these CAIs have positive §2°Si and §°°Si values.
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Figure 4.6: A plot showing correlation between §%°Si and 63°Si in major types of meteorites. A: Car-
bonaceous chondrites; B: Ordinary chondrites; C: Enstatite chondrites; D: Achondrites. Data are
from Molini-Velsko et al. (1986), Dauphas et al. (2015), Fitoussi et al. (2009), Armytage et al. (2011),
Savage and Moynier (2013), Chakrabarti and Jacobsen (2010), Pringle et al. (2013).
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Figure 4.7: A plot showing 62°Si vs. 3°°Si relationship for CAls. Data are from Shahar and Young
(2007), Williams et al. (2017) and Grossman et al. (2008).
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The 6%Si values of CAls vary in a range from 0.4 to 16.7%o, with an average of
6.4%0, and 6°°Si values of CAIs vary in a range from 0.5 to 32.3%o0, with an average
of 12.3%o. Besides, in a 6*°Si-6°°Si correlation diagram (Figure 4.7), all data fall in a
linear line with a slope of 0.51, indicating CAls has experienced a mass-dependent Si
isotope fractionation.

There are two hypotheses for the origin of CAls: either as early condensates from
the cooling solar nebula (Grossman, 1972; Boynton, 1975; Davis and Grossman, 1979)
or as evaporation residues of preexisting material (Kurat, 1970; Tanaka and Masuda,
1973; Chou et al., 1976; Notsu et al., 1978; Nagasawa and Onuma, 1979; Hashimoto et
al., 1979; Lee et al., 1979, 1980; Hashimoto, 1983; Niederer and Papanastassiou, 1984;
Clayton et al., 1988; Davis et al., 1990; Ireland et al., 1992). To check these two hypothe-
ses, a series of experimental studies have been carried out using silicon isotopes. De-
tailed descriptions are given in Chapter 3.

4.1.1.3 Silicon isotope compositions of SiC and Si in graphite from carbonaceous
chondrite

Elemental and isotopic abundances of the galaxy change with time. When stars reach
the later stages of their lives, their nucleosynthetic products are expelled into space
as gas and dust. Stars with masses less than 8 M, become asymptotic giant branch
(AGB) stars and lose significant material as stellar wind during the thermally-pulsing
AGB phase. Stars with masses > 8 M, become core-collapse supernovae and the nu-
cleosynthetic products in these stars are distributed into space through explosion. Gas
and dust expelled from these stars are eventually incorporated into molecular clouds.
Our solar system, located at 8.5 kpc from the center of the galaxy, formed from such a
molecular cloud ~4.6 billion years ago. The parent molecular cloud of the solar system
was believed to have been completely homogenized during the solar system formation
(Cameron, 1962). This idea of an isotopically uniform solar system was reinforced by
analyses of meteorites in the 1950s and 1960s, which showed uniform isotopic ratios
(e.g., Podosek, 1978).

However, when Black and Pepin (1969) analyzed Ne in primitive meteorites by
step-wise heating, they found a new ?Ne-rich component, which later was named
Ne-E (Black, 1972). The lowest 2°Ne/?*Ne ratio of 3.4 (compared to air value of 9.8)
observed in their experiment is difficult to be explained by processes occurred in the
solar system. Thus, a nucleosynthetic origin was proposed (Clayton, 1975).

After a long term investigation, it has been found that all carriers of these anoma-
lous noble gas components are carbonaceous and fairly resistant to chemicals. So far,
the presolar grains identified to date include diamond, SiC, graphite, oxides, silicon
nitride (Si;N,) and silicates. Analyses of presolar grains have provided a wealth of in-
formation about nucleosynthesis in stars, mixing in stellar ejecta, and galactic chem-
ical evolution.
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Since the SIMS studies made by Zinner et al. (1987) and Tang et al. (1988) on sili-
con carbide in meteorites, and their discovery of extra-large anomalies of silicon iso-
tope compositions, there have been more detailed studies of this subject (Zinner et al.,
1989; Stone et al., 1991; Hoppe et al., 1993, 1996a; Alexander, 1993; Huss et al., 1997).
As aresult of these studies, there is clear evidence of mass-independent isotopic frac-
tionation in silicon carbide (Figure 4.8 and Figure 4.9).

1507  m large SiC grains in Murchison
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Figure 4.8: The 2°Si vs. 3°°Si relationship of coarse platy SiC from Murchison and Orgueil mete-
orites. Data are taken from Stone et al. (1991), Hoppe et al. (1993), Zinner et al. (1989), Alexander
(1993), Huss et al. (1997).

The Si isotope compositions of coarse platy SiC from the Orgueil and Murchison me-
teorites are shown in Figure 4.8 (Stone et al., 1991; Hoppe et al., 1993; Zinner et al.,
1989; Alexander, 1993; Huss et al., 1997). The data of these samples vary in an area
from 24.6%o to 110.7%o for §°°Si and from —9.6%o to 124.2%. for §*Si, which is much
broader than those of the silicate and CAls in meteorites. The §%Si vs. 6°°Si relation-
ship of coarse platy SiC from the Orgueil and Murchison meteorites (Figure 4.8) indi-
cates that data fit well with a line of §*Si = 1.43516°°Si - 33.06, which has a slope much
larger than the slope (around 0.515) of the mass-dependent line. This shows that the
silicon isotopic compositions of the coarse platy SiC are affected by mass-independent
isotopic fractionation. Stone et al. (1991) suggested that the above phenomenon may
indicate disproportionate mixing of silicon components with different silicon isotope
compositions. These observations suggested that there was either gas phase hetero-
geneity where the grains formed or gas-grain isotopic exchange post-dating their for-
mation.

Isotopic compositions of some fine-grained SiC from the Orgueil and Murchison
meteorites are shown in Figure 4.9 (Hoppe et al., 1996b; Huss et al., 1997). The data
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Figure 4.9: The 62°Si vs. 3°°Si relationship of small grains of SiC from Murchison and Orgueil mete-
orites. Data are from Hoppe et al. (1996b) and Huss et al. (1997).

of these samples are scattered over a broader area (from —395%o to 302%o for 6°°Si
and from —419%o to 239%o for §°Si) than those of the coarse-grained SiC. It can be
observed that, in addition to the “mainstream” grains with silicon isotopic composi-
tions similar to those of the coarse platy SiC, there are other “non-mainstream” grains
with different isotopic compositions within fine-grained SiC. Comparing to the “main-
stream” grains, one type of “non-mainstream” grains shows much lower §°°Si and
6%°Si values, but another type of “non-mainstream” grains shows only lower §°°Si
values.

It is suggested that the large grains of SiC and “mainstream” small grains of SiC
may belong to AGB star origin (Hoppe et al., 1996b). However, the stellar origin of
“non-mainstream” small grains of SiC is still uncertain.

Amari et al. (1990) isolated the first presolar graphite grains from the Murchi-
son CM2 meteorite by identifying the grains to be carriers of the exotic noble gas
component Ne-E(L) (almost pure ’Ne). Subsequently, extensive isotopic studies were
carried out on the Murchison density fractions (Amari et al., 1990, 1995a, 2012; Hoppe
et al., 1995; Zinner et al., 1995; Travaglio et al., 1999). All isotopically identified preso-
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lar graphite grains in Murchison are spherical, with diameters > pm (ranging up
to ~20 pm). Structural and isotopic properties of Murchison presolar graphite vary
with density (Amari et al., 1995b; Hoppe et al., 1995). More recently, graphite grains
were isolated from the Orgueil CI chondrite (Jadhav et al., 2006). Similar spherical
grains were identified and studied in different density fractions of Orgueil (Jadhav
et al., 2006, 2008). In general, graphite grains from Orgueil appear to be rather
similar to those from Murchison, both morphologically and in their isotopic prop-
erties.

The Si isotope compositions of graphite from the Orgueil and Murchison mete-
orites are shown in Figure 4.10 (Jadhav et al., 2013 and Amari et al., 2014). The data of
these samples are scattered over an even more broad area (from —660%o to 916%o for
6°°Si and from —451%so to 1341%o for 6%Si) than those of the fine-grained SiC.

1500 1 . graphite in Murchison
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Figure 4.10: The %°Si vs. 8°°Si relationship of Si in graphite from Murchison and Orgueil mete-
orites. Data are from Jadhav et al. (2013) and Amari et al. (2014).

It has been found that the Si isotopic properties are dependent on density: low-density
grains contain 28Si excesses, while the majority of high-density grains are generally
enriched in 2Si and 3°Si (Jadhav et al., 2013). The 22Si excesses in low-density grains
may indicate an origin from supernovae. In order to explain the isotopic ratios mea-
sured in these grains, Jadhav et al. (2013) present mixing scenarios between differ-
ent layers of supernovae and discuss the limitations of various theoretical models.
In their model, 3°Si in high-density grains indicates an origin in AGB stars with low
metallicities. Most low-density graphite grains originate from supernovae while high-
density graphite grains have multiple stellar sources: low-metallicity and born-again
AGB stars, Type II supernovae and possibly, J-type stars.
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Figure 4.11: A histogram of 3°°Si values of lunar rocks. Data are from Epstein and Taylor (1971),
Taylor and Epstein (1973a), Armytage et al. (2012), Zambardi et al. (2013), Savage et al. (2014) and
Poitrasson and Zambardi (2015).

4.1.2 Tectite

So far, only two measurements of the silicon isotopic composition of tectites have been
made. One sample taken from northern Thailand has a §°°Si value of —0.3%o. The
other sample from Hainan Island, China, gave a 6°°Si value of 0%o. These results are
in accord with the hypothesis that tectites are formed through the impact of meteorites
(Ding et al., 1996).

4.1.3 Lunar samples

Detailed studies of the silicon isotopic compositions of lunar rocks and soils have been
made by Epstein and Taylor (1970, 1971, 1973). Since then, not much study has been
undertaken on this aspect. Only recently, a few investigations on silicon isotope com-
positions of lunar rocks have been renewed to study the Moon’s formation and the
early history of the Earth (Armytage et al., 2012; Savage et al., 2014; Poitrasson and
Zambardi, 2015) and the silicon isotope variations in the inner solar system (Zambardi
et al., 2013).

A combination of available 6°°Si values of lunar rocks are shown in Figure 4.11.
From available data, it can be found that the §°°Si values of lunar rocks and glasses
vary in a narrow range from —0.1%o0 to —0.6%0, with an average of —0.3%o.

To study the relation between moon and meteorites, a diagram for the compari-
son between §°°Si values of lunar rocks with those of different types of meteorites is
plotted in Figure 4.12. It seems that the variation range of 6>°Si values of lunar rocks is
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Figure 4.12: A comparison between 3°°Si values of lunar rocks with those of different types of mete-
orites. Data of lunar rocks are from Epstein and Taylor (1971), Taylor and Epstein (1973a), Armytage et
al. (2012), Zambardi et al. (2013), Savage et al. (2014) and Poitrasson and Zambardi (2015).

similar to those of the majority types of meteorites, especially the ordinary chondrite,
ureilites and HED. However, in comparison with enstatite chondrite and aubrites, the
lunar rocks have relatively higher §°°Si values. This is because that, as discussed in
above subsection, some of enstatite chondrite and aubrites contain a fraction of metal-
lic phase, which contains Si with lower §°°Si values.

In Chapter 3, we have discussed the silicon isotope fractionation in terrestrial
planet formation processes. During the segregation of the Earth’s core and mantle,
Si isotope equilibrium fractionation occurs between metal phase (dominated in the
core) and silicate phase (in the mantle). The formation of the Earth’s core imparted
a high 3°Si/?8Si signature to BSE due to dissolution of ~6 wt.% Si into the early core.
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Figure 4.13: Comparison of silicon isotope compositions between lunar rocks with breccia and soils.
A: the 6°°Si values of lunar soil; B: the 6°Si values of lunar breccia; C: the 83°Si values of lunar
rocks. Data are from Epstein and Taylor (1971), Taylor and Epstein (1973a,b), Armytage et al. (2012),
Zambardi et al. (2013), Savage et al. (2014) and Poitrasson and Zambardi (2015).

Similar to the BSE, the Si isotope compositions of the lunar rocks may represent those
of the segregated silicate phase.

The 6°°Si values of lunar soils, breccia and rocks are compared in Figure 4.13. It
can be seen that the §°°Si values of lunar breccia vary from 0.0%o to —0.5%o, averag-
ing —0.2%o, which is slightly higher than the mean value (-0.3%o) of the bulk rock
samples. Epstein and Taylor (1971) had suggested that there is an increase trend of
6°°Si values from lunar rocks to lunar breccia and soils, reflecting silicon isotope frac-
tionation caused by preferential loss of 22Si from the crushed lunar rocks due to bom-
bardment by micrometeorites and cosmic particles on the lunar surface. However, this
trend is not supported by the available data of lunar soils. The 6§°°Si values of the lu-
nar soils vary from —0.1%o to —0.6%o, averaging —0.4%o, slightly lower than the §°°Si
values of the lunar breccia.
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4.2 Silicon isotope distribution in lithosphere

As the most important accommodation of silicon in the Earth, the lithosphere is the
first Earth’s sphere to be studied for silicon isotope distributions (Reynolds and Ver-
hoogen, 1953; Allenby, 1954; Douthitt, 1982; Ding et al., 1988a). By now, various Si
reservoirs in the lithosphere, including magmatic rocks, sedimentary rocks, metamor-
phic rocks, hydrothermal veins and ore deposits and soils have been investigated com-
prehensively.

4.2.1 Magmatic rocks

From the early stages of silicon isotope geochemistry, attention has been given to the
study of silicon isotope compositions of magmatic rocks. The silicon isotope standard
adopted by Reynolds and Verhoogen (1953) was an olivine from a dunite rock body in
North Carolina. Among the 14 data reported by them, four were minerals from igneous
rocks. Among the 11 data reported by Allenby (1954), three were from igneous samples.
Later, Douthitt (1982) made a more detailed study of the silicon isotopic composition of
basalts and granites. Since 1988, Ding and his coworkers have made a detailed study
of the silicon isotopic composition of igneous rocks from various parts of the world.
Ding et al. (1996) summarized the early results on silicon isotope compositions of vari-
ous igneous rocks in their monograph entitled “Silicon Isotope Geochemistry”. In the
twenty-first century, the studies on silicon isotope compositions of magmatic rocks
are more connected to the issues of the silicon isotope composition of the bulk sili-
cate earth (Georg et al., 2007a; Fitoussi et al., 2009; Savage et al., 2010; Chakrabarti
and Jacobsen, 2010; Armytage et al., 2011; Pringle et al., 2016), the behaviour of Si
isotopes during magmatic differentiation (Savage et al., 2011, 2013b; Chakrabarti and
Jacobsen, 2010; Georg et al., 2007a) and the formation and composition of continental
crust (Savage et al., 2012, 2014; Zambardi and Poitrasson, 2011).

4.2.1.1 The 33°Si values of all kinds of magmatic rocks

By now, more than 400 6°°Si data are available for bulk samples of magmatic rocks,
which are shown in Figure 4.14. It can be seen that the §°°Si values of bulk samples
of magmatic rocks vary in a narrow range from —1.0%o to 0.4%o, with an average of
—-0.2%o0 and a peak value at —0.3%o.

4.2.1.2 Silicon isotope composition of the bulk silicate earth

Over 90% of Earth’s Si is in the mantle. All of the Si present in oceanic and continen-
tal crust is derived also from the mantle. Thus, the knowledge on average Si isotope
composition of the BSE is important for establishing a global terrestrial baseline.
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Figure 4.14: The 53°Si values of all kinds of magmatic rocks. Data are from Savage et al. (2010,
2012), Zambardi et al. (2014), André et al. (2006), Zhou et al. (2007), Liu et al. (2015), Poitrasson
and Zambardi (2015), Wang et al. (2015), Fitoussi et al. (2009), Armytage et al. (2011), Zhao et al.
(2014), Pringle et al. (2016), Chemtob et al. (2015), Georg et al. (2007a).

The first estimation on Si isotope composition of the BSE was made by Douthitt
(1982), who calculated an average 6°°Si value of —0.4 + 0.3%o (2std) by using predom-
inantly island arc basalt (IAB) data from the Marianas. This was reappraised by Ding
et al. (1996) who gave a lighter estimate of —0.61 + 0.55%o. Then Ziegler et al. (2005a)
proposed a 6°°Si of —0.5 + 0.3%o (2std) of BSE based on un-weathered basaltic flow
from Hawaii.

In the new century, a number of new estimations are obtained by using MC-ICPMS
analysis. Georg et al. (2007a) reported a §°°Sipg; estimate of —0.38 + 0.13%o, Fitoussi
et al. (2009) proposed a heavier §°°Siggy value of —0.29 + 0.06%o. Savage et al. (2010)
provided a set of group data averages as 6°°Siyyamafic = —0-33 * 0.08%o, 6°°Siyopp =
—0.27 + 0.06%o and 6°°Sijy5 = —0.28 + 0.06%o (2std). All of these averages are simi-
lar, implying that there currently is no resolvable Si isotopic difference between ul-
tramafic rocks and basaltic lavas; as such, no significant fractionation occurs during
mantle melting. These and subsequent Si isotope studies have provided two groups of
8°°Sipgg, one close to —0.4%o (Chakrabarti and Jacobsen, 2010; Georg et al., 2007a),
the other nearer —0.3%o (Armytage et al., 2011; Fitoussi et al., 2009; Savage et al., 2010;
Zambardi et al., 2013). One explanation for the disparity might be the choice of sam-
ples. However, there is another possibility that the analytical issues are biasing the
data of these two studies. Nevertheless, all the estimates are within error.

Savage et al. (2014) combined the data for whole rock ultramafic or basaltic sam-
ples from the studies of Abraham et al. (2008), Armytage et al. (2011, 2012), Fitoussi
et al. (2009), Savage et al. (2010, 2011, 2013a), Savage and Moynier (2013) and Zam-
bardi et al. (2013) to derive a new estimate for 6°°Siggg. The calculated new §°°Sipgg
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is —0.29 + 0.07%o (2std), which is identical to that of Armytage et al. (2011), Fitoussi et
al. (2009), Savage et al. (2010) and Zambardi et al. (2013), but with slightly improved
precision.

4.2.1.3 Silicon isotopes and Earth’s core formation

The origin and earliest history of the Earth are major issues of isotope geochemistry.
Silicon isotope measurements have proved to be immensely valuable in both these
fields. It is known that the density of the outer core is too low for it to be made only of
an iron—nickel alloy; some other lighter element(s) must also be present and silicon
has long been considered a possible light element in the Earth’s core.

In the first section of this chapter, it has been indicated that the average 6°°Si
values of bulk samples of ordinary chondrites, achondrites, carbonaceous chondrites
and enstatite chondrites are —0.5%0, —0.4%0, —0.4%0 and —0.6%o, respectively. The
calculated total average 6°°Si value of bulk meteorites is —0.5%o, which is nearly
0.2%o lower than the estimated 6°°Si value (—0.29%o, Savage et al., 2014) of BSE
(Figure 4.15).

This offset between the silicon isotopic composition of BSE and all meteorites has
been proposed first by Georg et al. (2007a), but subsequent studies have not all agreed
about the exact composition of meteorites and the magnitude of the difference relative
to the BSE. However, most research groups agree that enstatite chondrites have the
lightest 530S of all the chondrites (Fitoussi and Bourdon, 2012; Savage and Moynier,
2013) and there is some 6°°Si difference between the BSE and meteorites (Armytage et
al., 2011; Fitoussi et al., 2009; Georg et al., 2007a; Zambardi et al., 2013).

Georg et al. (2007a) and Fitoussi et al. (2009) proposed an explanation for the
6°°Si difference between the BSE and meteorites, in which the isotopically light Si
is partitioned into the core. This interpretation has been reinforced by a number of
experimental investigation on silicon isotope fractionation between iron metal and
rock when equilibrated at high temperatures (Shahar et al., 2009, 2011; Hin et al.,
2014) and the study on Si isotope fractionation between metal and silicate in metal-
rich enstatite meteorites as an analogue for Earth’s differentiation (Ziegler et al., 2010)
(see Chapter 3). The available A°Si_.a1_silicate € listed in the Table 3.1 and shown in
Figure 3.3.

According to this conception, the Si concentration in the core can be estimated
from the A*°Siggr 1 oteorite Value and the parameters (T and P) during core segrega-
tion. Based on published estimates for A%°Siggg 1 ereorites Savage et al. (2014) estimate
that the core contains between ~10 and 5.4 wt.% Si, with their new estimate for
A°SipgE meteorite (0-17%o) corresponding to a Si concentration in the core of 6.2 wt.%,
which is in accord to geophysical estimates (e.g., Anderson and Isaak, 2002) and
experimental estimates (Corgne et al., 2008; Wade and Wood, 2005).
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Figure 4.15: The comparison among the silicon isotope compositions of BSE, meteorites and lunar
rocks, revised from Savage et al. (2014). The estimate of average composition (2std) of meteorites
are shown in light gray box, and that of the BSE in dark gray box (Armytage et al., 2011; Fitoussi et
al., 2009; Savage et al., 2010; Zambardi et al., 2013). Data are from Epstein and Taylor (1971), Taylor
and Epstein (1973a), Molini-Velsko et al. (1986), Georg et al. (2007a), Fitoussi et al. (2009), Savage
etal. (2010, 2014), Armytage et al. (2011, 2012), Zambardi and Poitrasson (2011), Fitoussi and Bour-
don (2012), Pringle et al. (2013), Savage and Moynier (2013), Zambardi et al. (2013), Dauphas et al.
(2015) and Poitrasson and Zambardi (2015).

4.2.1.4 A comparison between 33°Si values of volcanic rocks and those of intrusive
rocks
A comparison between §°°Si values of volcanic rocks and those of intrusive rocks is
shown in Figure 4.16. The 6°°Si values of volcanic rocks vary in a range from —0.8%o
to 0.2%o, with an average of —0.3%o and a peak value at —0.3%o. The §°°Si values of
intrusive rocks vary in a range from —1.0%o to 0.4%0, with an average of —0.2%o and
a peak value at —0.3%o0 also. Comparing to volcanic rocks, the intrusive rocks show
slightly larger variation range of 6°°Si values, reflecting more effect of country rock
assimilation on the intrusive rocks. Besides, comparing to volcanic rocks, the sample
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Figure 4.16: A comparison between 3°°Si values of volcanic rocks and those of intrusive rocks.

A: Volcanic; B: Intrusive. Data are from Poitrasson and Zambardi (2015), Savage et al. (2010, 2012),
Zambardi et al. (2014), André et al. (2006), Armytage et al. (2011, 2012), Zhou et al. (2007), Liu et al.
(2015), Wang et al. (2015), Fitoussi et al. (2009), Zhao et al. (2014), Pringle et al. (2016), Chemtob et
al. (2015), Georg et al. (2007a).

fraction at low §°°Si side is much smaller and the sample fraction at high §°°Si side is
significantly larger, which is consistent with that the intrusive rocks are dominated by
sialic rocks (especially granite), and the volcanic rocks are dominated by mafic rocks
(especially basalts).

4.2.1.5 Comparison of the 33°Si values of different types of magmatic rocks

The 6°°Si values of different types of intrusive magmatic rocks are shown in Fig-
ure 4.17. The 6°°Si values of ultramafic intrusive rocks vary in a range from —0.7%o
to 0.4%o, with an average of —0.3%o, but 90% of them are limited in a much narrow
range of —0.4%o ~ —0.2%o. The 6°°Si values of mafic intrusive rocks vary in a range
from —0.9%o0 to 0.3%o, with an average of —0.2%o and a peak value at —0.3%o. The
6°°Si values of intermediate intrusive rocks vary in a range from —0.3%o to 0.2%o, with
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Figure 4.17: The °°Si values of different types of intrusive magmatic rocks. A: Ultramafic rocks;
B: Mafic rocks; C: Intermediate rocks; D: Granitic rocks; E: Porphyry rocks. Data are taken from
Poitrasson and Zambardi (2015), Savage et al. (2012), Zambardi et al. (2014), André et al. (2006),
Armytage et al. (2011, 2012), Zhou et al. (2007), Liu et al. (2015) and Wang et al. (2015).
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Figure 4.18: The §°°Si distributions in different types of volcanic rocks. A: Sialic volcanic rocks; B: In-
termediate volcanic rocks; C: Mafic volcanic rocks. Data are from Fitoussi et al. (2009), Zhao et al.
(2014), Savage et al. (2010), Pringle et al. (2016), Poitrasson and Zambardi (2015), Armytage et al.
(2011), Chemtob et al. (2015) and Georg et al. (2007a).

an average of —0.1%o and a peak value at —0.3%o. The 6°°Si values of granitic rocks
vary in a range from —0.5%0 to 0.3%0, with an average of —0.2%o and a peak value
at —0.2%o. The §°°Si values of porphyry rocks vary in a range from —0.3%o to 0.4%o,
with an average of —0.1%o and a peak value at —0.2%o. As pointed out in early studies
(Douthitt, 1982; Ding et al., 1996), there is a trend of §°°Si increase from ultramafic
rocks to mafic rocks, intermediate rocks and acidic rocks.

The 6°°Si values of different types of volcanic rocks are shown in Figure 4.18. The
6°0Si values of sialic volcanic rocks vary in a range from —0.7%o0 to —0.1%o0, with an av-
erage of —0.4%o and a peak at —0.3%o. The 6°°Si values of intermediate volcanic rocks
vary in a range from —0.8%o to 0.2%o, with an average of —0.3%o0 and a peak value
at —0.3%so. The 6°°Si values of mafic volcanic rocks, except for one sample with §°°Si
value of —0.8%o, vary in a range from —0.4%o0 to —0.1%0, with an average of —0.3%o
and a peak value at —0.3%oo.
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4.2.1.6 The Si isotope variations during magmatic differentiation

As mentioned in Chapter 3, Douthitt (1982) first pointed out that silica-rich rocks have
heavier Si isotope compositions than mafic and ultramafic rocks. Ding et al. (1996)
summarized the early results on silicon isotope equilibrium fractionation among var-
ious silicate minerals, which pointed out that 305i contents of minerals increase from
nesosilicate through inosilicate, phyllosilicate, to tectosilicate.

Recently, more comprehensive investigation on equilibrium Si isotope fractiona-
tion in magmatic processes has been carried out.

Savage et al. (2011) investigated Si isotopic compositions of lavas from the Hekla
volcano, Iceland, samples from the Afar Rift Zone and various igneous USGS stan-
dards, and found out that Si isotopic composition varies linearly as a function of silica
content, with more differentiated rocks possessing heavier isotopic compositions (Fig-
ure 3.6). Therefore, Si isotopes can be utilized to model the competing effects of mafic
and felsic mineral fractionation in evolving silicate liquids and cumulates. This em-
pirical relationship between silica content and the 6°°Si of igneous rocks was termed
the “igneous array” for Si isotopes (Savage et al., 2011).

4.2.1.7 The 33°Si distributions in different types of granites

The 6°°Si distributions in different types of granites are summarized by Savage et al.
(2014) and available results are illustrated in Figure 4.19. The §°°Si values of I-type
granite vary in a narrow range from —0.25%o to —0.10%0, the 6°0Si values of A-type
granite vary in a narrow range from —0.20%o to —0.10%o and the §°°Si values of alu-
minous and peralkaline granites vary in a narrow range from —0.20%o to —0.05%0. All
these granites show the silicon isotopic characters of mantle derived granites. In con-
trast, the 6°°Si values of S-type granite vary in a relatively wide range from —0.45%o to
-0.10%o0 and the §3°Si values of peraluminous and leucogranite vary in a narrow but
more negative range from —0.25%o to —0.40%o, reflecting the effect of assimilation of
weathering materials from the crust.

Granites make up over half of the mass of the continental crust (Wedepohl, 1995),
but are too Si-rich to be in equilibrium with the mantle (Rudnick, 1995). Formation
of much of the continental crust cannot, therefore, be a result of simple mantle melt-
ing. Beside the process of mantle melting, a number of other processes, including
fractional crystallization, partial melting of pre-existing mafic crust and sediment
anatexis can all affect the genesis of granite. In particular, the anatexis of sedimen-
tary lithologies should make the Si isotope compositions deviated from the Si isotope
“igneous array”. This is because weathering tends to enrich secondary minerals in
the lighter Si isotopes relative to igneous material (Opfergelt et al., 2012; Ziegler et
al., 2005a,b). Hence, partial melting of pelitic sediment, or contamination of mantle-
derived melt by such material, should result in the formation of a crust, which has
a lighter Si isotope composition than purely “igneous” (e.g., I-type granites and rhy-
olites) material. In this way, Si isotopes have the potential to differentiate between
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granite; C: S type of granite; D: Peraluminous and leucogranite; E: Aluminous and peralkaline gran-
ite. Data from Savage et al. (2012) and Poitrasson and Zambardi (2015).
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granites that have sedimentary or igneous affinities, thus allowing us to identify
mantle-derived, and hence “new” volumes of continental crust.

Douthitt (1982) is the first to test this hypothesis by analyzing a selection of I-
type and S-type granites from the Lachlan Fold Belt, Australia. However, no system-
atic variations between the two granite types were noted. Subsequent work using MC-
ICPMS further investigated this field, found the S-type samples analyzed displayed a
resolvable lighter isotopic composition than the I-type, but the data were not formally
published.

Savage et al. (2012) analyzed a broad selection of I-, S- and A-type samples, as well
granitic hypabyssal lithologies from Australia and England. The data from Savage et
al. (2012) define a broader range compared to other high-Si igneous rocks, such as rhy-
olites and dacites. In particular, the S-type granite samples define the broadest range
of data and have, on average, the lightest Si isotope composition (Figure 4.19C). This
deviation away from the predicted “igneous” value can be seen on a plot of §°°Si vs.
SiO, against the “igneous array” (Figure 4.20). Whereas both I- and A-type granites
plot on or around the array, all but one of the S-type granites plot below the array,
many to much more negative values than would be predicted in the absence of a sed-
imentary component. However, a caveat with the hypothesis that Si isotopes will dif-
ferentiate between granite affinities is that the sedimentary material from which the
granites are formed is isotopically distinct from that of igneous material (Savage et al.,
2014).

0.00 T T T

-0.10

-0.20

538 (%)

-0.40

-0.50 ! L .
40 50 60 70 80

Si0,(wt.%)

Figure 4.20: Correlation between 63°Si and SiO, contents for different types of granite. Data are
taken from Savage et al. (2012). I-type and A-type granites plot on the “igneous array” indicating an
igneous protolith for these samples. The S-type samples have more scattered and light 3>°Si values,
implying that these samples are derived from protoliths with lighter and more variable Si isotope
compositions.
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4.2.2 Sedimentary rocks

Sedimentary rocks are important reservoirs of silicon. Silicon is an important compo-
nent of clastic rocks, clay stones and organic sedimentary rocks. Therefore, the silicon
isotope compositions of sedimentary rocks have great significance in the study of sil-
icon isotope geochemistry.

Reynolds and Verhoogen (1953), Allenby (1954) and Douthitt (1982) analyzed the
silicon isotope composition of some sedimentary rocks and minerals. Ding et al. (1996)
made the systematic silicon isotopic investigation on all kinds of clastic rocks, clay
stones, chemical precipitates and organic sediments. Based on these data, the silicon
isotope systematics have been outlined, and new evidence has been collected regard-
ing the origin of various sedimentary rocks.

In this century, more comprehensive investigation has been made on silicon iso-
tope distributions in sedimentary rocks. Significant progress has been achieved espe-
cially on BIFs, chert rocks and clays.

4.2.2.1 The 3°°Si values of all kinds of sedimentary rocks
There are more than 1,100 silicon isotope data available for the sedimentary rocks.
Their 6°°Si values range from —4.3%o to 3.9%o (Figure 4.1 and Figure 4.21), much wider
than that (-1.0%o ~ 0.5%0) of magmatic rocks (Figure 4.1 and Figure 4.14). The highest
frequency of 6°°Si value of sedimentary rocks appears at —0.2%o (Figure 4.21), which
is only 0.1%o higher than that of magmatic rocks (Figure 4.14). These Si isotope char-
acters indicate that the sedimentary rocks have experienced much more complicated
and significant silicon isotope fractionation processes than those of magmatic rocks,
but the ultimate source of sedimentary rocks are closely related to the magmatic rocks.
The 6°°Si distributions of the major sedimentary rocks are illustrated in Fig-
ure 4.22. Significant variations of §°°Si are observed among different types of sedi-
mentary rocks and within the same type of rocks.

4.2.2.2 Silicon isotope compositions of clastic sedimentary rocks
The available silicon isotopic compositions for sandstone, siltstone and shale are il-
lustrated in Figure 4.23, in comparison with those of granites.

Silicon isotope compositions of sandstone

The 6°°Si values of sandstone vary in a relative narrow range from —0.5%o to 0.5%o,
with an average of —0.1%o and a peak at —0.1%o0, which is similar to that (-0.1%o0) of
granites (Ding et al., 1996). These characters indicate that the material in sandstone
is the physical weathering products of granites.
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Figure 4.21: A histogram of silicon isotope compositions of sedimentary rocks. Data are from Wu
et al. (2000), Geilert et al. (2014b, 2015), Cockerton et al. (2013), Pogge von Strandmann et al.
(2014), Zhou et al. (2007), Frings et al. (2014c), Opfergelt et al. (2010), Cornelis et al. (2010), Liu et
al. (1998, 2005, 2007, 2015), Wang et al. (2015), Abraham et al. (2011), Savage et al. (2013a), Ziegler
et al. (2005b), Chemtob et al. (2015), Tatzel et al. (2015), van den Boorn et al. (2007, 2010), Pan et
al. (2001), Steinhoefel et al. (2009, 2010), Chakrabarti et al. (2012), Peng et al. (2000), Fan et al.
(2004), Gao et al. (2017), Song and Ding (1990), Ding et al. (1996, 2017), Robert and Chaussidon

(2006), André et al. (2006), Marin-Carbonne et al. (2012, 2014), Stefurak et al. (2015), Zhao et al.
(2014), Hu et al. (2013), Jiang et al. (1993), Heck et al. (2011), Hou et al. (2014), Li et al. (2014a).

Silicon isotope compositions of siltstone

The 63°Si values of siltstone vary in a range from —0.6%o to 0.7%o, slightly wider than
that of sandstone. The average §°°Si value of siltstone is —0.1%o. These characters indi-
cate that the material in siltstone is still the physical weathering products of granites,
but more chemical weathering products (clays) are involved.

Silicon isotope compositions of shale

The 6°°Si values of shale vary in a range from —0.8%o to 1.3%o, much wider than those
of sandstone and siltstone. The average §°°Si value of shale is —0.2%o. These charac-
ters imply that the material in shale is dominated by the physical weathering products
of granites, but a significant fraction of chemical weathering products (clays) are in-
volved.

4.2.2.3 Silicon isotope compositions of clays

Silicon isotopic analysis has been made of clays from China, USA and Italy (Ding et
al., 1988a; Xu and Huang, 1996; Ziegler et al., 2005a,b). The results of the analyses are
shown in Figure 4.24.
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Figure 4.23: Comparison of 33°Si values of clastic rocks (sandstone, siltstone and shale) with those
granites. A: Shale; B: Siltstone; C: Sandstone and D: Granites. Data taken from Zhou et al. (2007),
Frings et al. (2014c), Opfergelt et al. (2010), Cornelis et al. (2010), Liu et al. (1998, 2005, 2007,
2015), Wang et al. (2015), Abraham et al. (2011), Savage et al. (2012, 2013b), Ziegler et al. (2005b),
Pogge von Strandmann et al. (2014), Poitrasson and Zambardi (2015).

The §3°Si values of the clays range from —2.5%o to 0.8%o, with two peaks at —2.1%o
and 0.1%o, respectively (Figure 4.24). The 6°0Si values of the kaolinite, montmoril-
lonite and chlorite are illustrated in Figure 4.25, respectively. The 6°°Si values of the
kaolinite range from —2.5%o to 0.1%o, with two peaks at —2.1%0 and 0.1%o, respectively
(Figure 4.25A). The kaolinite of different origins shows distinct silicon isotope compo-
sitions. The kaolinites formed by hydrothermal alteration have §°°Si values varying
from —0.2%0 to 0.1%o0, with a peak of —0.2%0, which is approximately the same as that
of granite (Ding et al., 1996). It indicates that during the formation of these kaolin-
ites there was no apparent Si isotopic fractionation. The kaolinite formed through low
temperature weathering have §°°Si values varying from —1.0%o to —2.5%o, with a peak
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Figure 4.24: 53°Si distribution of clays. Data taken from Ding et al. (1988a), Xu and Huang (1996),
Liu et al. (1998) and Ziegler et al. (2005a).

at —2.1%o, showing that these kaolinites had apparently been subject to Si isotopic
fractionation during weathering of its source rocks (granite and basalts). The kaolin-
ites formed through sedimentation have §°°Si values varying from —1.2%o to —0.1%o,
which are between those of hydrothermal kaolinites and weathering kaolinites. These
intermediate silicon isotopic compositions may reflect a mixture of kaolinites with dif-
ferent origins (Ding et al., 1996).

There are only four data for silicon isotope compositions of chlorite (Figure 4.25B).
These chlorites are all hydrothermal origin and their 6°°Si values range from —0.6%o
to 0.6%o.

The montmorillonite from the volcanic region of the Zhejiang Province, China,
show 6°°Si values ranging from —0.3%o to 0.5%o (Figure 4.25C). They have a hydrother-
mal alteration origin (Xu and Huang, 1996).

4.2.2.4 Silicon isotope compositions of chemical precipitate rocks

Siliceous chemical precipitates include chert rocks, BIF (banded iron formation),
siliceous sinters and sub-marine hydrothermal siliceous sediments. Although the
volumes of these rocks are not large, they have great significance in various aspects
of geology and mineral exploration, and so, they have drawn a lot of attention from
geologists. The results of analyses of these rocks are shown in Figure 4.22 (A, B, C, D).

Silicon isotope compositions of chert rocks
Chert is a sedimentary rock composed mainly of microcrystalline quartz. It occurs in
sedimentary strata from the early Archean to the present. Its chemical and isotopic
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Figure 4.25: 3°°Si distributions of different clay minerals. Data are from Ding et al. (1988a), Xu and
Huang (1996) and Ziegler et al. (2005a,b). A: kaolinite; B: chlorite; C: montmorillonite.

characteristics have been widely investigated to study the conditions of its formation.
Recently, Si isotopes in chert have been used as an important tracer of environmental
conditions in the global ocean (Song and Ding, 1990; Ding et al., 1996, 2017; Robert
and Chaussidon, 2006; André et al., 2006; van den Boorn et al., 2007, 2010; Abraham
et al., 2011; Marin-Carbonne et al., 2012, 2014; Chakrabarti et al., 2012; Geilert et al.,
2014b; Stefurak et al., 2015; Tatzel et al., 2015).

The 6°°Si values of chert rocks vary in a wide range from -4.3%o to 3.9%o (Fig-
ure 4.22A and Figure 4.26), reflecting significant variation of silicon contribution of
various source reservoirs and in precipitation processes. In general, the §°°Si values of
chert rocks have an average of ~0.6%o0, which is significantly higher than those of mag-
matic and clastic sedimentary rocks, reflecting that their major Si source of oceanic
water is enriched in 2°Si in most cases.
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Figure 4.26: 6°°Si distributions of chert rocks. Data are from Song and Ding (1990), Ding et al.
(1996, 2017), Robert and Chaussidon (2006), André et al. (2006), van den Boorn et al. (2007, 2010),
Abraham et al. (2011), Marin-Carbonne et al. (2012, 2014), Chakrabarti et al. (2012), Geilert et al.
(2014b), Stefurak et al. (2015), Tatzel et al. (2015), Zhang et al. (2014), Hu et al. (2013), Chemtob et
al. (2015), Pan et al. (2001), Steinhoefel et al. (2009), Peng et al. (2000), Liu et al. (2007), Fan et al.
(2004), Gao et al. (2017).

Song and Ding (1990) suggested distinguishing sedimentary facies of chert with
silicon isotope compositions. Ding et al. (1996) indicated that different genetic types
of cherts have different silicon isotope characters. They discussed variations in sili-
con content and silicon isotope composition in marine water according to the data
from chert formed in shallow marine environments. According to the silicon isotope
variation of chert, Robert and Chaussidon (2006) developed a temperature-evolution
curve for the Precambrian ocean. It has been suggested that Precambrian cherts have
much higher §°Si values than Phanerozoic cherts and that the former show a gener-
ally increasing trend from 3.5 to 0.85 Ga, thus reflecting a decrease in seawater tem-
perature. However, these statements have been challenged because cherts can have
various origins and their isotopic compositions might have been reset by metamorphic
fluid circulation. Thus, different types of cherts need to be considered separately be-
cause their isotope composition might record various distinct processes. In addition,
the factors that affect silicon isotope composition of chert have been investigated in
detail. It was found that peritidal cherts are enriched in 3°Si, but that basinal cherts,
which are associated with banded iron formations (BIF), are depleted in 3°Si; this dif-
ference is attributed to Si having been derived from hydrothermal sources in the BIFs.
Detailed description on historic variation of silicon isotope compositions of chert and
itsimplication on oceanic environmental conditions will be provided in the next chap-
ter.
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Silicon isotope compositions of silica in BIF

The banded iron formation (BIF) is a major type of iron deposits, which was formed in

the Precambrian era, especially in late Archean and early Proterozoic. It is an impor-

tant source of iron in the world, and is of great significance in the study on the early
history of tectonic evolution in the Earth and environmental variation in the ocean.

There are various hypotheses for the origin of BIF. Some geologists consider them to

be the products of normal sedimentation, others regard them as products of volcanic

exhalation, and biogenic activity may be a key factor in their formation.
Now there are three main types of BIF that are recognized according to their geo-
tectonic settings:

1) Algoma-type banded iron formations that stratigraphically linked, or interlay-
ered with, submarine-emplaced volcanic rocks in convergent margin settings of
Archean and Paleo-Proterozoic granite—greenstone belts (Gross, 1980). The im-
portant examples of these types of deposits include the Archean Yilgarn- and
Pilbara-type deposits.

2) Lake Superior-type banded iron formations (Gross, 1980) that developed in
passive-margin Proterozoic sedimentary rock successions. These deposits contain
some of the largest known BIF-hosted iron accumulations, such as the Hamersley
in Australia and the Transvaal in South Africa.

3) Rapitan-Urucum-type BIFs that constrained to Neoproterozoic strata (715 to
580 Ma) in sedimentary successions that are interpreted to be mostly glacio-
genic events (Hoffman et al., 1998). Representative deposits include Urucum in
Brazil and Rapitan in Canada.

Jiang et al. (1993) made the first detailed silicon isotope study on silica from the BIF,
by using the Gongchangling iron mine in Liaoning Province, China, as an example, to
interpret the genesis of the BIF deposits. Ding et al. (1996) combined these data with
some 6°°Si data for BIF samples collected from the Hebei province, China, and from
the BIF mines near Lake Superior, USA, to trace the oceanic environmental variation
in the Precambrian period. In recent decades, more investigations on silicon isotope
compositions of BIF have been carried out, which are generally focused on tracing the
temporal environmental variation of the global ocean in the Precambrian era (Robert
and Chaussidon, 2006; André et al., 2006; van den Boorn et al., 2007, 2010; Abraham
et al., 2011; Marin-Carbonne et al., 2012, 2014; Chakrabarti et al., 2012; Steinhoefel et
al., 2009, 2010; Geilert et al., 2014b; Stefurak et al., 2015; Tatzel et al., 2015; Heck et
al., 2011), although there are still some studies that mainly consider the genesis of the
ore deposits (Hou et al., 2014; Li et al., 2014a).

The available 63°Si values of silica from BIF are shown in Figure 4.27. It can be
seen that the 6°°Si values of silica from BIF vary in a range from —2.8%o to 0.3%o, with
an average value of —1.1%o0 and a peak value at —1.1%o, which are significantly lower
than that of marine basalts.
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Figure 4.27: 6°°Si distributions of BIFs. Data are from Jiang et al. (1993), Ding et al. (1996), Robert
and Chaussidon (2006), André et al. (2006), van den Boorn et al. (2007, 2010), Abraham et al.
(2011), Marin-Carbonne et al. (2012, 2014), Chakrabarti et al. (2012), Steinhoefel et al. (2009, 2010),
Geilert et al. (2014b), Stefurak et al. (2015), Tatzel et al. (2015), Heck et al. (2011), Hou et al. (2014), Li
et al. (2014a).

Figure 4.28: A comparison of 3%°Si distributions of the Algoma-type and Superior-type BIFs. Data
are from Jiang et al. (1993), Ding et al. (1996), Robert and Chaussidon (2006), André et al. (2006),
van den Boorn et al. (2007, 2010), Abraham et al. (2011), Marin-Carbonne et al. (2012, 2014),
Chakrabarti et al. (2012), Steinhoefel et al. (2009, 2010), Geilert et al. (2014b), Stefurak et al. (2015),
Tatzel et al. (2015), Heck et al. (2011), Hou et al. (2014), Li et al. (2014a).

A comparison of §°Si distributions of Algoma-type and Superior-type BIFs is illus-
trated in Figure 4.28. The 6°°Si values of the Algoma-type BIFs vary in a range from
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—2.8%00 to 0.3%o, with an average of —1.2%0 and a peak at —1.2%o. The §°9Si values of
superior-type BIFs vary in a range from —1.7%o to 0.2%o, with an average of —1.0%o
and a peak at —1.0%oo.

On the basis of the silicon isotope data and the background of geology and geo-
chemistry, it was suggested that the formation of BIF was linked to a process of vol-
canic exhalation, and their silicon was mainly derived from contemporary seawater
(Jiang et al., 1993; Ding et al., 1996; Li et al., 2014a). In the late Archean and early Pro-
terozoic periods, the silicon content of marine water remained in its saturated concen-
tration at a given temperature, which is much higher than that in the modern ocean.
During periodic volcanic eruptions, the pH value of the seawater would have varied
frequently, leading to variations in solubility of silica and resulting in the formation
of alternate ferruginous and siliceous bands. In this case, apparent kinetic isotope
fractionation may be caused by the slow precipitation of the small fraction of the dis-
solved silicon from seawater, leading the formation of siliceous bands with negative
6°°Si values.

The difference in the Si isotope distributions between Algoma-type BIF and
Superior-type BIF may reflect the variation of their forming conditions. The Algoma-
type BIF is interlayered with submarine-emplaced volcanic rocks in convergent mar-
gin settings, indicating its formation experienced directly the effect of submarine
hydrothermal activities. Their forming conditions, such as T, pH and Eh, are very un-
stable, causing that this type of BIF shows a wider §°°Si range and with slightly lower
average 6°°Si value than those of the Superior-type BIF. In contrast, the Superior-
type BIF is developed in passive-margin Proterozoic sedimentary rock successions,
indicating that its formation experienced indirectly and less intensive influence from
submarine hydrothermal activities. Thus, the forming conditions of Superior-type BIF
are relatively more stable than those for Algoma-type BIF, causing the Superior-type
BIF to show a narrow 6°°Si range and with slightly higher average 6°°Si value than
those of the Algoma-type BIF.

Silicon isotope compositions of silica sinter

Silica sinters are siliceous precipitates, composed mainly of opal, that are formed by
hot springs at their vent sites. The size of siliceous precipitate is generally small when
they are formed in a continental environment. Nevertheless, they are an important
substance for the understanding of the geothermal process, particularly because of
their close relationship with gold and cesium mineralization.

The available §°°Si values of the silica sinter vary in a wide range from —4.2%o to
0.2%o, with an average of —2.0%o. It is found that large variations in §°°Si values may
occur even within a single geothermal field. For example, the §°°Si values of silica
sinters from the Steamboat spring in Nevada vary from 0.1 to —1.2%o, those from Yel-
lowstone National Park in Wyoming, USA, from —0.7%0 to —1.9%0 and those from the
Tengchong geothermal field in Yunnan Province, China, range from —0.6%o to 0.2%o.
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Generally speaking, the 63°Si values of silica sinters are negative, due to kinetic Si iso-
tope fractionation when silica precipitates from hydrothermal solution. This kind of
silicon isotope fractionation is discussed in more detail in Chapter 3.

The silicon isotope systematics of silica sinters is dependent on variations in the
isotopic compositions of the source rocks, the precipitation environment and other
conditions in the various geothermal fields. An understanding of these features can
provide a framework for the study of ancient geothermal systems.

Silicon isotope compositions of submarine hydrothermal vent

The submarine hydrothermal systems on mid-ocean ridges and back-arc basins can

provide important evidence for deciphering the modern process of mineralization. Un-

fortunately, there are few data on silicon isotope compositions of siliceous precipitates
formed by these hydrothermal systems. By now, the only data on silicon isotope com-
positions of submarine hydrothermal systems are still that obtained from siliceous
precipitates collected from sea-floor chimneys from the Mariana Trench and Okinawa

Trough reported by Ding et al. (1996) and Wu et al. (2000) (Figure 4.22).

The available §°°Si values of submarine hydrothermal systems vary in a wide
range from —3.1%o to 0%, with an average of —1.5%o. The highest 6°°Si value of 0%
is similar to the upper limit of the value for the Mariana Island-arc basalts, and the
lowest 63°Si value of —3.1%o is slightly higher than that (-4.2%o0) of the continental
geothermal silica sinter.

In order to clarify the relationship between the silicon isotope compositions of the
siliceous precipitates and their formation conditions, the relationship between tem-
perature at sampling sites and §°°Si values is studied (Ding et al., 1996). It is observed
in the Mariana Trench that:

a) Black siliceous precipitates from sampling sites with temperature higher than
100°C show the highest 63°Si values (—0.4%o to —0.6%0), which are close to that
of the local basalts;

b) Siliceous precipitates from sampling sites with temperatures lower than 100°C
have more variable silicon isotope compositions, with their §>°Si values varying
from —0.6%0 to —3.1%0, and show no clear relationship with their color and tem-
perature.

The silicon isotope compositions of the hydrothermal precipitates may reflect the ori-
gin of the silicon and their mode of formation. From their mode of occurrence, it is
apparent that the silicon was mainly derived from the sea-floor basalts. This hypoth-
esis is supported by the fact that the maximum &§°°Si values were obtained from the
siliceous precipitates close or in proximity to the basalts. Silicon isotope fractionation
will not be significant in the process of silicon dissolution. However, silicon isotope
fractionation between precipitating silica and silicon remaining in solution may oc-
cur during precipitation (Chapter 3). This is a case of kinetic fractionation, with the
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extent of fractionation depending on the rate, fraction and temperature of precipi-
tation. Silica that precipitate from the solution rapidly and more or less completely
have a silicon isotope composition similar to that of the silicon in solution prior to its
precipitation, i.e., similar to that of the source rocks. This is the case for the black pre-
cipitates which formed at higher temperatures and show relatively high §3°Si values.
Precipitates may be subject to greater degrees of silicon isotope fractionation when
precipitation of silica takes place slowly and less completely at lower temperature.
The silica precipitates often have lower 6°°Si values due to this kinetic fractionation.
In case of multistage dissolution and precipitation, there may be a multistage of sil-
icon isotope fractionation, leading to the silica precipitates with large negative §°°Si
values. This is seen in the silicon isotope compositions of light-colored silica precip-
itates that are formed at lower temperature within the chimneys in the Mariana back
arc basin.

In addition, several samples of silica precipitate from a hydrothermal chimney for
the Okinawa Trough were analyzed for their silicon isotope compositions (Figure 4.22).
Their 63°Si values of 0%o to —2.8%so also reflect the effects of kinetic isotopic fraction-
ation.

4.2.2.5 Biogenic siliceous precipitates

Almost all organisms contain some quantity of silicon. For some organisms, the sil-
icon appears as opal in its basic structures. The silicon-rich organisms include di-
atoms, sponges and radiolarian and higher plants, such as tracheophyta (equisetum
sp.), rice, wheat, banana, bamboo and tomato. Silicon isotope distributions on all
these species will be discussed in the following section. It is known that the biogenic
siliceous precipitates are responsible to form some type of chert rocks, such as diatom
earth and radiolarian siliceous rocks.

So far, it is known that siliceous organisms are present since late Precambrian
and throughout the Phanerozoic and include siliceous sponges (late Proterozoic to
present; marine only) (Li et al., 1988), radiolarian (Middle Ordovician to present; ma-
rine only), and diatoms (Jurassic to present, most marine) (Platt et al., 1980). However,
some researchers have reported the presence in thin sections of Precambrian chert of
oval or spherical masses or “shells” of quartz and have inferred that they are recrystal-
lized radiolarian tests (LaBerge, 1973). Cloud (1976), in an exhaustive analysis of geo-
chemical and paleontological data, concludes that siliceous-shelled organisms have
been possible since at least 1.3 Ga ago and perhaps as far back as 2 Ga ago. Recently,
Ding et al. (2017) reported that a peak range in §°°Si was observed in the cherts of
1.325-1.355 Ga, indicating a drastic reduction in Si content caused by a rapid increase
in biological activity in the ocean prior to 1.355 Ga.

The available §°°Si values of diatomite and radiolarian chert rocks are shown in
Figure 4.29. A number of radiolarian chert from Cambrian to Jurassic strata was stud-
ied for their silicon isotope composition (Figure 4.30). The available data show that
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Figure 4.29: 63°Si distributions of biogenic chert rocks. Data are from Song and Ding (1990), Ding et
al. (1996, 2017), Cockerton et al. (2013).

radiolarian siliceous rocks have 6°°Si values ranging from —0.6%o to 0.8%o. Song and
Ding (1990) showed that the silicon isotope compositions of these rocks are related
to their forming conditions. The abyssal radiolarian siliceous rocks often yield rela-
tively low 6°°Si values, whereas the shallow-sea and/or bathyal ones give relatively
high 63°Si values.

4.2.3 Metamorphic rocks

Metamorphic rocks are a major reservoir of silicon, but as yet, few analyses of sil-
icon isotopes has been made on metamorphic rocks. The metamorphic rocks ana-
lyzed include slates, schist, quartzite, hornfels, skarns, granulites, leucogranulites,
migmatites, gneisses and plagioclase amphibolites. Below, the silicon isotope data
obtained so far for various metamorphic rocks are introduced.

The available silicon isotope data of metamorphic rocks are shown in Figure 4.31.
Their 6°°Si values vary in a range from —2.2%o to 0.8%o, with an average of —0.2%o,
which is similar to that (-0.3%o) of magmatic and that (-0.2%o0) of sedimentary rocks.
The Si isotope variation ranges of various metamorphic rocks are illustrated in Fig-
ure 4.32.

4.2.3.1 The silicon isotope compositions of slate and schist

The results of silicon isotopic compositions of slate and schist are shown in Figure 4.32.
19 samples of slates were analyzed for their silicon isotope compositions. Their

6°°Si values vary in a range from —0.6%o to 0.2%o, with an average of —0.3%so. All these

printed on 2/10/2023 8:05 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost

106 —— 4 Distribution of silicon isotopes in nature

diatomites mm -
radiolarian chert rocks
I u

biochemical sedimentary rocks

chemical chert rocks
] T |]

NN e silica sinters
NN BN marine hydrothermal vents

s BIFs
chemical sedimentary rocks

carbonate rocks
u L} | n

mmmmmm m shales
mmmm m siltstones

mmmmm sandstones

clastic sedimentary rocks

A
sedimentary rocks

EEmmm—u  magmatic rocks

T T O T T T
S04 003 20 -1 0 1 2 3 4 5

30

5Si (%o)

Figure 4.30: The °°Si ranges of all kinds of sedimentary rocks (references are listed in Figure 4.21).
For comparison, the 33°Si range of magmatic rocks is also shown (references are listed in Fig-
ure 4.14).

data fall in the area of the silicon isotopic compositions of clay stones. Four samples
of phylite show 6°°Si values range from —0.4%o to 0.0%o, with an average of —0.2%.o.
22 samples of schist show §2°Si values range from —2.2%o to 0.8%o, with an average
of —0.3%o.

The above data show that the silicon isotopic compositions of rocks can still be
preserved during metamorphism to form slate and schist. Hence, their protoliths can
be identified though the study of their silicon isotopic compositions.

4.2.3.2 The silicon isotope compositions of amphibolite

Twelve samples of amphibolite show §2°Si values range from —0.6%o to 0.4%o, with
an average of —0.2%o. All these data fall in the area of the intermediate-basic volcanic
rocks, indicating that the isotopic compositions were not subject to significant modi-
fication during metamorphism of the original rocks.
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Figure 4.31: The general Si isotope distribution of metamorphic rocks. Data are from Ding et al.
(1996), Abraham et al. (2011), André et al. (2006), Liu et al. (1998, 2005, 2015), Savage et al. (2013b).

mm migmatites
mmmm amphibolites
H N N uartzites
m m gneiss
mm granulites
] H N B schists

m m phyllites

n I . .
metamorphic rocks

I
sedimentary rocks Figure 4.32: The Si isotope variation ranges

of various metamorphic rocks. Data are

from Ding et al. (1996), Abraham et al.

(2011), André et al. (2006), Liu et al. (1998,
5 '4 '3 _'2 _'1 (') ; é é "‘ 5 2005, 2015) and Savage et al. (2013b). For
comparison, the ranges of magmatic and
30a- /o
8" Si (%o) sedimentary rocks are also shown.

BN magmatic rocks

EBSCChost - printed on 2/10/2023 8:05 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

108 —— 4 Distribution of silicon isotopes in nature

4.2.3.3 The silicon isotope compositions of granulite, migmatite and gneiss

Four samples of granulite show 6°°Si values range from —0.3%o to 0.0%o, with
an average of —0.2%o, which is similar to that of intermediate-acidic igneous
rocks.

Three samples of migmatite show 6°°Si values range from —0.1%o to 0.2%o,
with an average of 0.0%o, which are similar to that of granitoid. Three samples
of gneiss show §°°Si values range from —0.3%o to 0.3%o, with an average of 0.1%o,
which is similar to that of granite. These data show that the §°°Si values remain
unchanged during the metamorphism of forming the granulite, gneiss and
migmatite.

4.2.3.4 The silicon isotope compositions of quartzite

Twenty-four samples of quartzite show 6°°Si values range from —2.2%o to 0.2%o, with
an average of —0.2%o. Within these samples, two samples of magnetite quartzite show
6%°Si values of —2.2%o to —1.3%o, reflecting their protoliths of BIF origin. In contrast,
other 22 samples show §°°Si values range from —0.6%o to 0.2%o, indicating their pro-
toliths of sandstone origin.

4.2.3.5 The silicon isotope compositions of hornfels
Three samples of hornfels show 63°Si value from —0.4%o to 0.1%o, with an average of
—0.2%0, similar to those of their protoliths.

4.2.3.6 Silicon isotope fractionation of coexisting minerals in metamorphic rocks

Great attention has been given to silicon isotope fractionation between coexisting min-

erals in the study of silicon isotope compositions of metamorphic rocks.

1) Mica and quartz from quartz—sericite schist
Silicon isotope compositions have been determined in ten pairs of coexisting
quartz and mica, from quartz—sericite schists from the Hemlo gold mine, Ontario,
Canada. It was found that five quartz minerals of the ten pairs of samples exhibit
higher 6°°Si values than those of mica; and there are also three pairs of minerals
where the mica exhibits higher 6°°Si values than the quartz. These data show that
the silicon isotopic equilibrium does not always exist between mica and quartz in
the quartz—sericite schists.

2) Garnet and biotite from garnet-biotite schist
Garnet and biotite from garnet-biotite schist from the Qingchengzi mining area,
Liaoning Province, were analyzed for their silicon isotope compositions. It is
found that the §3°Si values of the biotite are about 0.6%o higher than those of the
garnet.
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4.2.4 Vein quartz and silicified rocks

4.2.4.1 Silicon isotope compositions of vein quartz

The total mass of vein quartz is not large in the lithosphere, but they are widespread in
natural environment and are closely related to mineralization. Hence, a great deal of
attention has been drawn to the study of silicon isotopic compositions of vein quartz.
Reynolds and Verhoogen (1953), Allenby (1954) and Douthitt (1982) have all reported
results of their studies on the isotopic composition of silicon from various vein quartz
occurrences. A large number of quartz have been determined by Ding et al. (1996).
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Figure 4.33: The Si isotope compositions of vein quartz. Data are from Ding et al. (1996), Basile-
Doelsch et al. (2005) and Liu et al. (1998).

The available 63°Si values of vein quartz are shown in Figure 4.33. It is found that the
silicon isotope compositions of the vein quartz vary in a range from —5.7%o to 0.5%o,
with an average of —1.1%o. Most of the §3°Si values obtained are in range from —0.9%o
to 0.5%o, indicating that silicon in the vein quartz has multiple sources, and may be
subject to the influence of silicon isotope fractionation during its precipitation.

The 6°°Si values of most analyzed vein quartz show a normal distribution pattern,
with a peak at —0.2%o, similar to the mean of 6°°Si values of crustal rocks. This is
compatible with the observation that the majority of the vein quartz occurrences are
related to granite, sandstone and felsic metamorphic rocks.

4.2.4.2 Silicon isotope compositions of silicified rocks
The silicon isotope compositions of some silicified rocks related to fissure structures
have been analyzed, and the results are illustrated in Figure 4.34. The silicified rocks
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Figure 4.34: The Si isotope compositions of silicified rocks. Data are from Ding et al. (1996),
Chakrabarti et al. (2012).

analyzed have 6°°Si values in range from —4.4%o to 3.0%o, with an average of 0.0%o.
Again, the silicon isotopic compositions imply multiple sources of silicon.

4.3 Silicon isotope compositions of soils

Soil has been considered as an individual ecosystem in the Earth and is an important
component of the so called “critical zone” of the Earth. Soil continually undergoes
development by way of numerous physical, chemical and biological processes, which
include weathering with associated erosion. Soil is a mixture of minerals, organic mat-
ter, gases, liquids and countless organisms that together support life on Earth.

Soil profile development is dependent on the processes that form soils from their
parent materials, the type of parent material and the factors that control soil for-
mation. Parent materials are classified according to how they came to be deposited:
1) Residual materials are mineral materials that have weathered in place from primary
bedrock; 2) Transported materials are those that have been deposited by water, wind,
ice or gravity; 3) Cumulose material is organic matter that has grown and accumulates
in place.

All factors that affect the growth and development of soils would have influence
on the silicon isotope compositions. Thus, silicon isotope study of soils may pro-
vide some information for tracing these processes and factors. The silicon isotope
investigation on soils may provide us some basic knowledge on mechanisms in plant
growth. By now, no special and systematic investigation on silicon isotope distribu-
tions of soils has been conducted. The available silicon isotope data of soils were
mostly byproducts in the studies of plant growth, river systems and the Loess Plateau.
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The available §°°Si values of soils vary in a range from —2.7%o to 0.3%o0, with an
average of —0.5%o and a peak value at —0.1%o (Figure 4.35).
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Figure 4.35: The silicon isotope distribution of bulk soils. Data are taken from Pogge von Strand-
mann et al. (2012), Cornelis et al. (2010), Opfergelt et al. (2010, 2011b), Pokrovsky et al. (2013), Sav-
age et al. (2013a), Bern et al. (2010), Frings et al. (2014a), Ziegler et al. (2005a,b), Ding et al. (2005a,
2008a, 2014, 2016).

The 6°°Si values of different types of soils are shown in Figure 4.36. The §°°Si values
of sand vary in a range from —0.3%o to 0.2%o, with an average of —0.1%o. The §°°Si
values of loess vary in a range from —0.3%o0 to —0.2%0, with an average of —0.2%oo.
The 6°°Si values of suspended particulate matter (SPM) vary in a range from —1.1%o
to 0.3%o, with an average of —0.2%0. All of these three types of soils dominated by
transported materials show generally same silicon isotope distribution similar to that
of clastic sedimentary rocks. The §°°Si values of residual soils vary in a range from
—2.7%00 to 0.1%0, with an average of —1.4%o, reflecting the effect of significant amount
of clay minerals in them.

4.4 Hydrosphere

Silicon is an important element in the Earth’s hydrosphere. It occurs in various wa-
ter reservoirs, such as seawater, river water, ground water, pore water and hot spring
water, in the form of silicic acid (H,SiO,). These water reservoirs play important roles
in a global Si cycle, ore formation and biological production. The silicon isotope com-
positions of various reservoirs in hydrosphere have been investigated intensively. The
available results are summarized in Figure 4.37.

printed on 2/10/2023 8:05 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



112 — 4 Distribution of silicon isotopes in nature

2 : sand § A

sample number
NSRS}
11
%

loess B

sample number
EN
1
Z

'
w
'
[}
'
—_
(=]
—_

sample number
33
7
vV

'
w
'
[\S]
'
—_
S
—_

sample number

5Si (%o)

Figure 4.36: The 3°°Si values of different types of soils. Data are from Pogge von Strandmann et al.
(2012), Cornelis et al. (2010), Opfergelt et al. (2010, 2011b), Pokrovsky et al. (2013), Savage et al.
(2013a), Bern et al. (2010), Frings et al. (2014c), Ziegler et al. (2005a,b), Ding et al. (2005a, 2008a,
2014, 2016).

4.4.1 The silicon isotope composition of the seawater

The ocean is the most important silicon reservoir in the Earth’s hydrosphere. It acts as a
major sink of silicon supplied from continent by river and ground water input, Aeolian
dust deposition and by seafloor weathering and hydrothermal process. The average
dissolved silicon (DSi) concentration of the modern ocean is ~70 pM (Figure 4.38),
which is lower by almost two orders of magnitude than its solubility in seawater. This
severe unsaturation is mainly resulted from intensive biogeochemical absorption (see
Chapter 5 for details). The silicon in seawater provides an important silicon source
for specific marine organisms such as diatom, radiolarian and sponge. Among them,
diatoms make 40% of oceanic primary productivity. The silicon isotope composition
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Figure 4.38: The DSi distribution of surface water in Global Ocean. Data are from Garcia et al. (2009).

of seawater was firstly reported by De La Rocha et al. (2000). Since then, the silicon
isotope composition of oceanic water has been studied extensively (De La Rocha et al.,
2000; Cardinal et al., 2005; Reynolds et al., 2006b; Beucher et al., 2008, 2011; De La
Rocha et al., 2011; Fripiat et al., 2011a,b; de Souza et al., 2012a,b; Ehlert et al., 2012;
Cao et al., 2012; Grasse et al., 2013; Singh et al., 2015).

The 6°°Si values of seawater vary in a range from 0.5%o to 4.4%o, with an average
of 1.6%o (Figure 4.37A). The overall 6°°Si is higher than other reservoirs because: first,
the major source of the oceanic silicon is river input, which has an average 6°°Si of
1.4%0; second, the silicon isotopic fractionation between diatoms and seawater causes
further increase in the 6°°Si of seawater. Besides, the large 6°°Si variation range is
another feature of seawater, which is caused by the variation of diatom productivity
and dissolution of exported biogenic silica.

The vertical distribution of 6°°Si shows an obvious trend anti-correlated to water
depth from the surface to the ocean’s abyss (Figure 4.39). In the surface mixed layer,
e.g., the upper 50 m in the water column, the silicon isotopic composition is relatively
homogeneous with elevated §°°Si values averaged at 2.1%o, due to mixing and biolog-
ical uptake of lighter silicon isotopes. Within the euphotic zone (typically ~200 m in
open ocean) where photosynthesis of phytoplankton takes place, an anti-correlation
between 6°°Si and DSi concentration can be observed through the Pacific, the Atlantic
and the Southern Ocean (De La Rocha et al., 2000; Reynolds et al., 2006b; de Souza
et al., 2012a; Grasse et al., 2013). This may also explain the apparent anti-correlation
between the 6°°Si and depth. In the deep ocean (>1000 m), where there is no strong
vertical mixing; however, the §°°Si is also homogeneous but with much lower §>°Si
values averaged at 1.2%o. This is because the Si in the deep ocean comes mainly from
recycled biogenic silica (de Souza et al., 2014). Recent studies also show that the §>°Si
distribution in deep ocean is also influenced by relative contribution from different
water masses (de Souza et al., 2014 and the reference therein).

In summary, the silicon isotope composition of seawater is closely related to the
marine silicon cycle. See Chapter 5 for details.
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Figure 4.39: Vertical 33°Si distribution of global seawater (De La Rocha et al., 2000; Cardinal et al.,
2005; Reynolds et al., 2006b; Beucher et al., 2008, 2011; De La Rocha et al., 2011; Fripiat et al.,
2011a,b; de Souza et al., 2012a,b; Ehlert et al., 2012; Cao et al., 2012; Grasse et al., 2013; Singh et
al., 2015).

4.4.2 The silicon isotope composition of the river water

Rivers are the link between continents and the oceans. It carries large amount of sub-
stances, in the form of dissolved matter and suspended particulate matters (SPM) from
continents to the ocean. As a major provider of dissolved silicon to the ocean (Tréguer
et al., 1995), rivers play a significant role in the Si cycle of the hydrosphere, which is
an important part of the surface environments of the Earth. To understand the global
silicon cycle, it is therefore necessary to characterize silicon isotope variations and the
average 6°°Sipg; values of important terrestrial river systems.

A primary result on 6°°Si values of a few riverine samples was reported firstly
by De La Rocha et al. (2000). A systematic investigation on silicon isotope compo-
sitions of the Yangtze River was done by Ding et al. (2004). Since then, a number
of river systems in the world, such as the Yellow River (Ding et al., 2011, 2016), the
Kalix River (Engstrom et al., 2010), Icelandic rivers (Georg et al., 2007b), Swiss rivers
(Georg et al., 2006b), the rivers in the Congo Basin (Cardinal et al., 2010), the Nile
River (Cockerton et al., 2013); Central Siberian rivers (Pokrovsky et al., 2013); and the
Amazon River (Hughes et al., 2013) have been studied for their silicon isotope distri-
butions.

The available silicon isotope data are shown in Figure 4.37B. The total §°°Si values
of river water vary in a range from —1.4%o to 4.7%o0, with an average of 1.4%o. The
DSi and §°°Sipg; values of several important river systems in the world are listed in
Table 4.1 and plotted in Figure 4.40.
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Table 4.1: DSi and 6°°Siyg; values of several river systems in the world

River DSi (M) 3°%Sipg; (%) Reference

Max Min  Average Max Min Average
Yangtze River 251 34 98.7 3.7 0.5 1.63  Dingetal. (2004, 2014)
Yellow River 323 16 143 2.9 0.4 1.34 Dingetal. (2011, 2016)
Kalix River 162 37 85.0 1.5 0.7 1.02  Engstrém et al. (2010)
Iceland Rivers 286 71 162.0 1.5 -0.1 0.63  Georgetal. (2007b)
Swiss Rivers 79 46 61.9 1.2 0.6 0.84  Georgetal. (2006b)
Congo River 236 136 207.4 1.2 0.8 0.98 Cardinal etal. (2010)
Nile River 673 39 206.7 4.7 0.5 2.00 Cockerton et al. (2013)
Siberian Rivers 352 52 164 2.7 0.6 1.62  Pokrovsky et al. (2013)
Amazon River 245 52 141 2.3 0 0.98  Hughesetal. (2013)
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Figure 4.40: 5% Sipg;—DSi relation for water samples from several river systems of the world. | - Yel-
low River (after Ding et al., 2011, 2016); |l - Yangtze River (after Ding et al., 2004, 2014); lll - Amazon
River (after Hughes et al., 2013); IV — Nile River (after Cockerton et al., 2013); V - Congo River (after
Cardinal et al., 2010); VI — Kalix River (after Engstrém et al., 2010); VIl - Iceland rivers (after Georg

et al., 2007b); VIII — Swiss rivers (after Georg et al., 2006b); and IX — Central Siberian rivers (after
Pokrovsky et al., 2013).

It has been found that the silicon isotope composition in each river system show
always spatial and temporal variations, reflecting affections of a number of processes
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and factors, such as 1) The weathering process of silicate rocks; 2) Growth of phytoliths
in plants; 3) Evaporation of water from the river system and addition of meteoric water
into the river system; 4) Dissolution of phytoliths in soil; 5) Growth of fresh water di-
atom; 6) Adsorption and desorption of aqueous monosilicic acid on iron oxide; 7) Pre-
cipitation of silcretes and formation of clays coatings in aquifers; 8) Human activities.

Among these rivers, the average 63°SiDSi (2.02%o) of the Nile River is the highest,
which is mainly attributed to the growth of aquatic organisms (diatoms and macro-
phytes) in the lakes and river of the Nile River basin (Cockerton et al., 2013).

The average 6°°Sipg; (1.63%o) of the Yangtze River is the second highest at this
stage, while it has an intermediate DSi value. Due to the relatively warm and humid
climate, physical and chemical weathering and biological activity are intensive in this
region. The dissolved silicon produced by weathering of silicate rocks plays a very
important role in controlling the DSi and 6°°Sipg; of the river. It was also suggested
that the growth of rice and grass had a significant influence on DSi and 6°°Siyg; of the
river (Ding et al., 2004, 2014).

The average 6°°Sipg; (1.62%o0) of the central Siberian rivers is also quite high and
significant variations of 6°°Sipg; (0.6~2.72%0) and DSi (52~352 uM) are observed in
these rivers (Pokrovsky et al., 2013). They are linked to specific features of Siberian
rivers within the permafrost zone.

In contrast, the average 6°°Siyg; values of the Iceland (0.63%o) and the Swiss rivers
(0.84%0) are much lower. Both areas have very low average annual temperatures and
feature less chemical weathering and low biological activity, which may be the reasons
for the low §°°Sip; values of these rivers.

The average 6°°Sipg; value of the Kalix River is 1.02%so, slightly higher compared
to the Icelandic and Swiss rivers, but much lower than the Yangtze River. According
to Engstrom et al. (2010), the DSi and 6°°Sipg; values of the Kalix River are mainly
controlled by the weathering of silicate minerals, Si absorption by the boreal forest
trees, dissolution of biogenic silica in the soil and Si uptake by fresh water diatoms in
lakes.

The Congo River is situated in tropical Central Africa. Its main branch and largest
tributaries have an average 6°°Sipg; value of 0.98%o; while small tributaries have an
average 6°°Sipg; value of 0.02%o (Cardinal et al., 2010). It was proposed that there are
two different weathering regimes in the central Congo Basin (Cardinal et al., 2010):
One is the regime of rain forests, wooded grassland and savanna, where newly formed
clays remain stable and light Si isotopes are sequestered into clay minerals; the other
regime is characterized by swamps, where clays are dissolved by the action of organic
matter, resulting in the delivery of light Si isotopes to rivers.

The Amazon River is also situated in tropical area and has an average §°°Sipg;
value of 0.98%o (Hughes et al., 2013). The clear relation between §°°Si signatures and
Simobility in the Amazon Basin can be observed and may be used as a good proxy for
Si mobility and thereby for clay formation.
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The average 6°°Sipg; value of the Yellow River (1.34%o) is significantly lower than
those of the Nile River, the Yangtze River and the Siberian Rivers, but higher than those
of other rivers. This condition is consistent with differences in the intensity of chemical
weathering and biological activity.

From the above comparison, it is clear that changes in the weathering intensity
and biological activity in the catchment areas can significantly influence the DSi and
8°°Sip; values of global river systems. As a result, the DSi and 6°°Sipg; of river wa-
ter will be different from river to river, place to place and time to time, correspond-
ing to the differences in climate, chemical weathering intensity and biological activ-
ity.

According to the available data, the §°°Sipyg; values of global rivers display a large
range from —1.4%o to 4.7%o0. However, there are a number of large rivers, such as the
Mississippi River and the Zambezi River that have not yet been analyzed for their Si
isotopic compositions. It is expected that even larger §°°Sipg; variations may be ob-
served when more rivers are investigated. Therefore, further studies should be carried
out to determine the variability of §°°Si values in global rivers and gain a better un-
derstanding of the global Si isotope budget.

4.4.3 The silicon isotope composition of ground water

The ground water is also an important reservoir of Si in the hydrosphere. However,
so far the studies on silicon isotope compositions are still rare. Georg et al. (2009a,b)
reported the silicon isotope compositions of ground water in the Navajo Sandstone
aquifer, Black Mesa, Arizona, USA, and in the Great Artesian Basin in Australia.
Pogge von Strandmann et al. (2014) reported the silicon isotope compositions of
groundwater from the Bengal Basin.

The available §°°Si values of ground water vary in a range from —1.5%o to 1.3%o,
with an average of 0.1%o (Figure 4.37D).

The positive 6°°Si values are often found in the shallow aquifer and lower 6°°Si
values are found normally in deep samples (Georg et al., 2009a,b; Pogge von Strand-
mann et al., 2014). Besides, the §°°Si reduction is also found along the flow path
(Georg et al., 2009a,b). It is suggested that the chemistries of Si in groundwater are
influenced by the dissolution of primary phases, the formation of secondary minerals
and the reaction of solid phases with dissolved constituents, while isotopic variations
are generated by uptake into clays, which preferentially incorporate the light isotopes
(Georg et al., 2009a,b).

These data indicate that groundwater is isotopically distinct from riverine values.
Thus, the relative contribution and silicon isotope composition of groundwater de-
rived Si fluxes should be considered when estimating the continental input into the
ocean.
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4.4.4 The silicon isotope composition of the pore water

The pore water is a chain of silicon global cycle. The silicon content and silicon isotope
composition in pore water are affected by the weathering processes of local rocks, by
formation of secondary minerals in soil horizon, by absorption of plants and by dis-
solution of biogenic silica in soil materials. The silicon in pore water is the source of
silicon in ground water and river water. Due to a large number of processes and fac-
tors that are involved in development of pore water, their silicon contents and silicon
isotope compositions should vary in a large range and in a complicated manner. How-
ever, by now only a few papers have reported the data on silicon contents and silicon
isotope compositions of pore water (Pogge von Strandmann et al., 2012; Ehlert et al.,
2016b; White et al., 2012; Frings et al., 2014c; Ding et al., 2008a).

The available data of silicon isotope compositions of pore water are shown in Fig-
ure 4.37E. It is observed that the §°°Si values of pore water vary in a range from —0.5%o
to 2.2%o, with an average of 1.0%o (Figure 4.37E).

Pogge von Strandmann et al. (2012) present silicon isotope composition of pore
waters from Histic Andosol in southwest Iceland. The 6°°Si values (-0.91%o ~ —0.53%o)
of the soils are lower than that (—0.29%) of basalt, whereas the §°°Si values (0.13%o ~
1.03%o) of pore waters are higher than that of basalt. The §°°Si values of soil show a
clear evolution between un-weathered basalt and the secondary minerals. Dissolved
Siisotopes also respond to chemical weathering processes, and show that higher §>°Si
corresponds to higher cation fluxes and higher secondary mineral formation.

Ehlert et al. (2016b) analyzed the silicon isotope compositions in pore waters of
sediment cores from the Peruvian margin upwelling region with distinctly different
biogenic opal content. The 6°°Si values of pore water vary in a range from 1.1%o to
1.9%00, with the highest values occurring in the uppermost part close to the sediment-
water interface. These values are of the same order or higher than the 630Si (0.3%0 ~
1.2%o) of the biogenic opal extracted from the same sediments and those (1.1%o ~ 1.5%o)
of the overlying bottom waters. Combining with the observation that the dissolved
silicon concentration in the pore water is well below biogenic opal saturation, these
observations are consistent with the formation of authigenic alumino-silicates from
the dissolving biogenic opal.

White et al. (2012) studied the 63°Si values of Santa Cruz biomass and pore water.
They found that the average deep pore waters are slightly enriched in heavier Si than
in granitic rocks, indicating probable fractionation during plagioclase weathering to
kaolinite. Shallow pore waters exhibit greater variability, with the average larger than
the deep pore waters.

Frings et al. (2014c) present 6°°Si data from pore waters together with surface
waters, biogenic silica (BSi), clays, sand and vegetation from the Okavango Delta,
Botswana, which is a freshwater sub-tropical, flood-pulse wetland. From the data,
they made an estimation on the silicon isotope fractionation associated with BSi dis-
solution.
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Ding et al. (2008a) reported the silicon isotope compositions of the soil and pore
waters from several bamboo growth fields. The §°°Si values of the bulk soils vary from
—0.6%o to —0.2%o, whereas the 6°°Si values of pore water in soils vary from 0.4%o to
2.4%o, with an average of 1.16%o. The differences of §°°Si values between bulk soil
and pore water may be caused by several processes. Firstly, during the weathering
processes of silicate rocks, silicon isotope fractionation occurs between produced sec-
ondary clay minerals and dissolved silicon in solution (Ding et al., 1996; Ziegler et al.,
2005a,b). Compared to the initial silicate rock, the produced secondary clay miner-
als are always depleted in 3°Si and the silicon dissolved in pore water is enriched in
305j, Furthermore, the preferential absorption of light isotopes by plants will raise the
6°°Si value of pore water further (Ding et al., 2004). Secondly, the phytoliths in soils of
bamboo growth field should mainly come from the leaves of bamboo, which are also
enriched in °Si.

In general, the studies on silicon isotope compositions are still rare. More investi-
gation on this aspect should be undertaken in the future.

4.4.5 The silicon isotope composition of the hot spring water

The hot spring water is also a silicon reservoir in hydrosphere, although the scale is
rather small. Early study on silicon isotope compositions of hot spring water aimed
to get some basic knowledge on hydrothermal solution related ore formation (Ding
et al., 1996). Recently, the researchers are more interested of using hot springs as a
natural experimental system to study silicon isotope fractionation when SiO, precip-
itation from hydrothermal solution, which is important in tracing the environmental
variation in ancient oceans (Geilert et al., 2015). The available silicon isotope data of
hot spring water are shown in Figure 4.37C. Their 6°°Si values vary in a range from
—0.6%0 to 1.7%o, with an average of 0.2%o (Figure 4.37C).

Geilert et al. (2015) investigated the silicon isotope compositions of dissolved sil-
icon and silica sinter in the Geysir geothermal area (Iceland) to explore the extent
and controls of silicon isotope fractionation in hot spring systems. The §°°Si values
of dissolved silica measured in the spring water and sampling sites along outflow-
ing streams, covering a temperature range of 20 ~ 100°C, were relatively constant
around +0.2%o, whereas the §°°Si signatures of associated opaline sinters from the
streambeds were between —0.1%o0 and —4.0%o, becoming progressively more negative
in the downstream parts of the aprons.

Compared to the data reported for Icelandic basalts, the §°°Si values of the flu-
ids and sinter deposits are higher and lower, respectively. The resulting values for ap-
parent solid—water isotope fractionation (A%°Sigiq_water) Changed with a decreasing
temperature from ca. —0.7%o at ~80 °C to —3.7%o at ~20 °C, locally down to —4.4%oo.
This temperature relationship was reproducible in each of the investigated hot spring
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systems and is qualitatively consistent with recent findings in laboratory experiments
on kinetic fractionation for a flowing fluid (see Chapter 3).

However, the apparent fractionation magnitudes observed in the field are ca.
—2%o0 more negative, and thus significantly larger. They infer that solid—water sili-
con isotope fractionation during deposition of amorphous silica from a flowing fluid
correlates inversely with temperature, but is essentially a function of the precipita-
tion rate, such that the fractionation factor decreases with an increasing rate. As an
important corollary, the effective fractionation behavior during precipitation of silica
from saturated solutions is a system-dependent feature, which should be taken into
account when using silicon isotopes for paleo-environmental reconstructions.

4.5 Biosphere

Silicon isotope variation in biological processes is a frontier of biogeochemical study.
Pioneering studies were done on silicon isotope composition of sponges (Douthitt,
1982; De La Rocha, 2003), diatoms (De La Rocha et al., 1997, 1998), radiolarians (Song
and Ding, 1990; Ding et al., 1996; Wu et al., 1997) and higher plants, such as rice (Ding
et al., 2005a), bamboo (Ding et al., 2008b), wheat (Hodson et al., 2008) and banana
(Opfergelt et al., 2006a).

4.5.1 Silicon isotope composition of diatoms

Diatoms are the most important biogenic silica producers. They live both in seawater
and freshwater environments. The diatoms in the sea contribute over 40% of the total
primary biogenic production (Canfield et al., 2005).

Diatoms are the main driver of oceanic silicon cycle. Both the Si concentration
and Si isotopic composition of modern seawater are mainly controlled by the produc-
tion and dissolution of diatom derived biogenic silica (Tréguer and de La Rocha, 2013).
Therefore, the silicon isotopic composition of diatom is considered to be a good proxy
for silicic acid utilization and can be used in the studies of the silicon cycle in mod-
ern oceans and in the geological past since it was during the Cenozoic when diatoms
begun to control the marine silicon cycle. The fresh water diatoms are also a factor
affecting the continent Si cycle, although the effect is not so important as for plants
and crops (Ding et al., 2004, 2011).

The silicon isotope data of diatoms are reported by a number of research groups
(Doering et al., 2016; Chen et al., 2012; Sun et al., 2013; Swann et al., 2010; Sun et
al., 2014; Cardinal et al., 2007; Ehlert et al., 2012; Fripiat et al., 2011a, 2012; Cao et
al., 2012; Egan et al., 2012; De La Rocha et al., 1998), the available data are shown in
Figure 4.41A. The 6°°Si values of diatoms vary in a range from —0.7%o to 3.1%o, with
an average of 1.0%o.

printed on 2/10/2023 8:05 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

122 — 4 Distribution of silicon isotopes in nature

diatom

% 7
'IIIIIIIIIIiA.

sample number
(3
<
[ 7777777

20 3 higher plant

sample number

6 -5 4 3 2 - 0 1 2 3 4

20 9 radiolaria C
Pt
215 éi
£,
2 0
(o]
-6 -5 -4 -3 -2 -1 0 1 2 3 4
20 5 sponge D
5
£
g
3
g
2
Q.
5

57°Si (%o)

Figure 4.41: The 5°°Si values of different types of biological species. Data are from Fontorbe et al.
(2016), Wille et al. (2010), Hendry and Robinson (2012), Hendry et al. (2010, 2016), Liu et al. (1998),
Hughes et al. (2013), Hodson (2016), Leng et al. (2009), White et al. (2012), Frings et al. (2014a),
Engstrom et al. (2008), Ehlert et al. (2012, 2016b), Ding et al. (2005a, 2008a), Doering et al. (2016),
Chen et al. (2012), Sun et al. (2013), Swann et al. (2010), Sun et al. (2014), Cardinal et al. (2007),
Fripiat et al. (2011a, 2012), Cao et al. (2012), Egan et al. (2012), Opfergelt et al. (2006a).

Cardinal et al. (2007) determined the silicon isotopic signatures of diatom from
the Southern Ocean and compared them with the previously published data for dis-
solved silicic acid from the same locations. They found that the isotopic composition
of diatoms is generally homogeneous in the mixed layer and does not exhibit a sys-
tematic isotopic fractionation linked to a size effect. §%Sigg; are always lighter than
the ambient dissolved silicic acid signatures (6% Sip,g;), reflecting the preferential up-
take of light isotopes by diatoms. A trend of lighter isotopic signatures southward is
observed both in diatoms and seawater samples but the §%Sig; latitudinal gradient
is much steeper.
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Fripiat et al. (2011a) used silicon isotopic proxy to improve constraints on the
Si-biogeochemical cycle, since it integrates over longer timescales in comparison with
direct measurements and since the isotopic balance allows resolving the processes in-
volved, i.e., uptake, dissolution, mixing.

Cao et al. (2012) presented the Si isotope data set from the northern South China
Sea (NSCS) to examine sources and utilization of silicic acid. They found that surface
63OSiSi(OH)4 generally increased from values ~2.3%0 on the inner shelf to ~2.8%o above
the deep basin, suggesting an increasing utilization of dissolved Si(OH), reflecting the
transition from eutrophic to oligotrophic conditions. The §°°Siyg; values were system-
atically lower than the corresponding 5305151(0}1)4 in the euphotic zone (above 100 m)
on the shelf and slope.

Egan et al. (2012) carried out a study to calibrate core top data with modern
oceanographic conditions. They used a microfiltration technique to divide Southern
Ocean core top silica into narrow size ranges, separating components such as radio-
larian, sponge spicules and clay minerals from diatoms. In their study, a consistent
size-6°°Si pattern, related to the proportions of diatom and non-diatom components
in a sample, has been demonstrated. This fact highlights the great potential for small
amounts of non-diatom silica to significantly offset measured 6°°Si to lower values
than diatom 6°°Si. In order to create reliable down core records of diatom &°°Si, it
is essential to eliminate such contamination by selecting the correct size fraction for
analysis. In general, the 2-20 pm fraction has been found most appropriate for core
tops in their study. When a pure diatom size fraction is selected, an extremely good
correlation with surface water minimum annual silicic acid concentration is docu-
mented (R? = 0.92). In comparison, larger size fractions (~20-50 pm) exhibit a poorer
correlation (R? = 0.66), again emphasizing the need for size targeted analyses.

Correlation with surface silicic acid concentration, and a good agreement between
core top diatom 6°°Si and surface filtered diatom 6°°Si, are highly supportive of the
use of sedimentary diatom 6°°Si as a proxy for surface water silicic acid utilization
and indicate no significant effect of dissolution or early diagenesis. The better corre-
lation with minimum annual silicic acid reflects the fact that diatom §°°Si records the
seasonal extent of silicic acid utilization by diatoms, which should be kept in mind
when interpreting diatom 6°°Si records. Core top diatom 6°°Si can be satisfactorily
explained using a steady state or Rayleigh fractionation without the need to invoke a
variable diatom fractionation factor.

The study of Sun et al. (2014) focuses on diatoms from high production areas in es-
tuarine and coastal areas. They isolated two species of diatoms, Thalassiosira baltica
and Skeletonema marinoi, from the brackish Baltic Sea and used them for laboratory
investigations of Si isotope fractionation during diatom growth and the subsequent
dissolution. Both species of diatoms give an identical Si isotope fractionation fac-
tor during growth of —1.50 + 0.36%o (2std) for A*°Si, which falls in the range from
—-2.09%o0 to —0.55%0 of published data. They also suggested a dissolution-induced
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Si isotope fractionation factor of —0.86%0 at early stage of dissolution, but this ef-
fect was observed only in DSi and no significant Si isotope change was observed for
BSi.

Doering et al. (2016) combined silicon isotope compositions of small mixed di-
atom species (6°° Sipg;) and of large handpicked mono-generic (Coscinodiscus) diatom
samples (6%°Sicyscino) With diatom assemblages extracted from marine sediments in
the Peruvian upwelling region to constrain present and past silicate utilization. They
found that the 6°°Si.ino values record near complete Si utilization, as they are simi-
lar to the isotopic composition of the subsurface source waters feeding the upwelling.
In contrast, the §°°Sigg; of small mixed diatom species increase southward along the
shelf as well as towards the shore. They attribute highest §°°Sigg; values partly to tran-
sient iron limitation but primarily to the gradual increase of Si isotope fractionation
within the seasonal diatom succession, which are mainly recorded by small diatom
species during intense bloom events. In contrast, lower §°°Sig; values are related
to initial Si utilization during periods of weak upwelling, when low Si(OH), concen-
trations do not permit intense blooms and small diatom species record substantially
lower §°°Si signatures. Thus, they propose that the intensity of the upwelling can be
deduced from the offset between 6°°Sipq; and 6°°Sicyscing (A>°Sicoscino-psi)» Which is
low for strong upwelling conditions and high for prevailing weak upwelling.

In Figure 4.42, the core top marine diatom §°°Si (2-20 pm or 2-12 pm) compared
to filtered diatom 6°°Si collected during in situ studies from the top 100 m of the water
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Figure 4.42: Core top diatom 6°°Si (2-20 pm or 2-12 pm) compared to filtered diatom 6°°Si col-
lected during in situ studies from the top 100 m of the water column (Egan et al., 2012; Cardinal et
al., 2007; Fripiat et al., 2012). Core top diatom 33°Si is plotted against average annual silicic acid
concentration, and the filtered diatom 63°Si against the silicic acid concentration measured at the
time of sampling. Core top diatom 8°°Si and filtered diatom 33°Si are remarkably consistent, espe-
cially when they are from the same ocean basin.
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column (Cardinal et al., 2007; Fripiat et al., 2012). Core top diatom 6%0Si is plotted
against average annual silicic acid concentration, and the filtered diatom 6°°Si against
the silicic acid concentration measured at the time of sampling. Core top diatom 6°°Si
and filtered diatom 6°°Si are remarkably consistent, especially when they are from the
same ocean basin.

Chen et al. (2012) measured the §*°Sig;,,, in the sediment core from Lake
Huguangyan, a closed crater lake in China. The §°°Sigym, varies from —0.6%o to
1.1%o0, corresponding to a broad variation in contents of biogenic silica throughout
the sediment core. They think §°°Sig;,¢m iS @ reliable paleo-temperature proxy in Lake
Huguangyan, for that a good correlation is observed between §°°Si;,,m and available
temperature records.

Sun et al. (2013) studied the Si isotope fractionation by following a massive nutri-
ent limited diatom bloom in the Oder River, which is a eutrophied river draining the
western half of Poland and entering the southern Baltic Sea. The rapid nutrient deple-
tion and fast BSi increase observed during the spring bloom suggest a closed-system
Rayleigh behavior for DSi and BSi in the river at certain time scales. A Si isotope frac-
tionation (A*°Sipg;_ps;) of —1.6 + 0.3%o (2std) is found based on observations between
April and June 2004. A very high §°°Si value of 3.1%o is obtained in BSi derived from
diatoms, which is about 2 times higher than previously recorded 6°°Si in freshwater
diatoms. The Rayleigh model used to predict the 6°°Si values of DSi suggests that the
initial value before the start of the diatom bloom is close to +2%0, which is relatively
higher than the previously reported values in other river water. This indicates that
there is a biological control of the Si isotope compositions entering the river, probably
caused by Si isotope fractionation during uptake of Si in phytoliths. Clearly, eutro-
phied rivers with enhanced diatom blooms deliver *°Si-enriched DSi and BSi to the
coastal ocean, which can be used to trace the biogeochemistry of DSi/BSi in estuar-
ies.

4.5.2 Silicon isotope composition of radiolarian

Radiolarian is an important silicon bearing microorganism in marine environment.
The chert rocks formed by radiolarian skeletons occur frequently in the sedimen-
tary strata from Ordovician to present. The silicon isotope composition of these
radiolarian chert rocks were studied by Douthitt (1982), Song and Ding (1990) and
Ding et al. (1996). However, the silicon isotope investigation on modern radiolar-
ian skeletons is very rare. Fontorbe et al. (2016) analyzed 6°°Si in radiolarian tests
and sponge spicules from the Blake Nose Palae-oceanographic Transect (ODP Leg
171B) spanning the Palaeocene—Eocene (ca. 60-30 Ma). They found that the §°°Si
values of the radiolarian range from 0.3%o to 1.7%o, with an average of 1.0%o (Fig-
ure 4.41C). In the meanwhile, the 6°°Si values of the sponge range from —0.5%o to
0.6%o0.
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By using an established relationship between ambient dissolved Si (DSi) concen-
trations and the magnitude of silicon isotope fractionation in siliceous sponges, they
demonstrate that the Western North Atlantic was DSi depleted during the Palaeocene—
Eocene throughout the water column. They think that their data can provide con-
straints on reconstructions of past-ocean circulation.

4.5.3 Silicon isotope composition of sponges

Sponge is the second abundant silicon bearing biological species after diatoms in
the ocean. The chert rocks containing sponge skeletons are found in the sedimentary
strata from late Precambrian to present (Li et al., 1988). However, there is no report on
silicon isotope compositions on these chert rocks containing sponge skeletons. The
silicon isotope studies of sponge are focused on the spicules of sponge collected from
marine sediments (Wille et al., 2010; Hendry and Robinson, 2012; Hendry et al., 2010,
2016; Liu et al., 1998; Hughes et al., 2013). The available §°°Si values of sponges vary
in a range from —5.7%o to 0.9%o0, with an average of —1.5%o (Figure 4.41D).

Wille et al. (2010) studied silicon isotope composition of deep-sea sponges from
near Antarctica, sub-Antarctic waters (Tasmania Seamounts) and subtropical waters
north of New Zealand. The 6°°Si values of these sponges vary widely from 0.9%o to
—3.4%o. They found that the 6°°Si values of sponge tend to decrease when the depth is
increased. For example, 6°°Si varies of sponges from the Tasmania Seamounts varies
from 0.9%o0 to —3.1%0 when depth change from 100 m to 1200 m. These changes in
6°°Si of sponges are inconsistent with a Rayleigh-type isotope fractionation model
requiring constant 6°°Si fractionation between sponge and seawater. They conclude
that overall Si isotope fractionation A%°Si (62°Sigponge — 8°°Siseawater) is influenced by
seawater Si concentration, with more fractionated isotope values being associated
with sponges collected from waters high in Si.

Hendry et al. (2010) report 6°°Si of modern deep-sea sponge spicules and show
that they reflect seawater Si(OH), concentration. They found that the silicon iso-
tope fractionation between sponge and seawater shows a positive relationship with
Si(OH),, which may be a growth rate effect.

Hendry and Robinson (2012) refined and widen the existing calibration by in-
cluding a global distribution of modern sponges (Figure 4.43). On this base, they pro-
vide the first systematic calibration from spicules picked from core-top sediments that
covers sites from different ocean basins. The observed relationship between Si(OH),
and 6°°Si in sponge spicules is the same in different ocean basins, between speci-
mens that grew in different temperature and salinity conditions. Their core-top data
agree well with the modern sponge calibration indicating there are no significant post-
depositional effects or early diagenetic overprints. Thus, they believe the sponge 6>°Si
can be used as a proxy for silicic acid concentrations in the past.
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Figure 4.43: A: 53°Si and B: A3°Si for all sponges from different ocean basins.

4.5.4 Silicon isotope composition of high plants

The role of silicon in plant growth had been overlooked for a long period, although
silicon is present in plants in amounts equivalent to macronutrient elements, such
as calcium, magnesium and phosphorus (Epstein, 1999). The contents and distribu-
tion patterns of silica in crops and grasses were found to be critical to their quality
and production. Silica in plants contributes to the compression-resistance and rigid-
ity of cell walls, which in turn improve light interception and drought resistance, and
increase photosynthetic efficiency (Jones and Handreck, 1967). It strengthens the air
canal, leading to more efficient oxygen supply to roots and limited loss of water by
evapotranspiration (Sangster and Hodson, 1986; Sangster and Parry, 1981; Shui et al.,
1995). It also increases the resistance to pathogens, blast, insects, mollusks and graz-
ing by herbivores (Sangster and Hodson, 1986; Shui et al., 1995). These discoveries
attracted much attention of researchers, and a large number of studies were carried
out to investigate the effect of silicon on the growth condition of plant. The contents,
forms and distribution patterns of silicon in a variety of plants, such as rice, sugar-
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cane, sorghum, wheat, ryegrass, bamboo, tomato, cucumber, blueberry and banana
were investigated. The role of plants on a global cycle of silicon also became another
important issue of silicon biogeochemistry (Alexandre et al., 1997; Lux et al., 2003;
Ding et al., 2005a; Desplanques et al., 2006; Fraysse et al., 2006a,b; Li et al., 2006;
Opfergelt et al., 2006b). An emphasis has been placed on the widely distributed plants
with high silicon content, such as rice, wheat and bamboo (Lux et al., 2003; Ding et
al., 2005a, 2008a; Li et al., 2006; Hodson et al., 2008).

Silicon isotope variation in biological processes is a frontier of biogeochemi-
cal study. Extensive studies were done on silicon isotope composition of sponges
(Douthitt, 1982; De La Rocha, 2003), diatoms (De La Rocha et al., 1997, 1998) and
radiolarians (Song and Ding, 1990; Ding et al., 1996; Wu et al., 1997). Although the sil-
icon isotope studies on terrestrial plants are still very limited, the preliminary results
obtained on rice (Ding et al., 2005a), bamboo (Ding et al., 2008a), wheat (Hodson
et al., 2008) and banana (Opfergelt et al., 2006a,b) are encouraging. Further studies
on more types of plants may help us to understand the role of terrestrial plants in a
global silicon cycle.

The available data for silicon isotope compositions are shown in Figure 4.41B
(Hodson, 2016; Leng et al., 2009; White et al., 2012; Frings et al., 2014a; Engstrém
et al., 2008; Ehlert et al., 2012, 2016b; Ding et al., 2005a, 2008b). The 6°°Si values
of bulk samples and different parts of higher plants vary in a range from —2.3%o to
6.1%o0, with an average of 0.2%o.

4.5.4.1 Silicon isotope composition of rice plants

Ding et al. (2005a) studied the silicon isotope compositions of rice plants collected
from the Zhejiang Province, China. They found that the SiO, contents in ignited rice
plant samples increased generally from roots, through SL (stem and leaves), to husks.
Large and systematic silicon isotope fractionation was observed among different or-
gans of individual rice plants (Figure 4.44). Their §°°Si values show a general increas-
ing trend from roots and SL, through husks to grains, which can be explained by ki-
netic isotope fractionation in a Rayleigh process (see Chapter 5 for detailed discus-
sion). A 6°°Si value of 6.1%0 was obtained in two samples of rice grains, which is much
greater than the highest value (3.4%0) observed in terrestrial samples before.

It is inferred that monosilicic acid is the major silicon-bearing component taken
up by rice roots. Passive uptake of silicon is important for rice and evapotranspira-
tion may be the major mechanism for the transportation and precipitation of silicon
in rice plants. It is suggested that silicon isotope study has a potential application in
agriculture and biogeochemistry. See Chapter 5 for detailed discussion.

4.5.4.2 Silicon isotope composition of bamboo
Ding et al. (2008a) conducted a systematic investigation on silica contents and silicon
isotope compositions of bamboos collected from seven locations in China. The root,
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Figure 4.44: The °°Si values of different rice organs and soils. Diamonds, filled squares, triangles
and crosses stand for different individual plants. Revised from Ding et al. (2005a).

stem, branch and leaves for each plant were sampled and their silica contents and
silicon isotope compositions were determined. The silica contents and silicon isotope
compositions of bulk and water soluble fraction of soils were also measured. The sil-
ica contents of studied bamboo organs vary from 0.30% to 9.95%. Within the bamboo
plant, the silica contents show an increasing trend from stem, through the branch to
the leaves. In bamboo roots, the silica is exclusively in the endodermis cells, but in
the stem, branch and leaves, the silica is accumulated mainly in epidermal cells. The
63°Si values of bamboos exhibit significant variation, from —2.3%o to 1.8%o, and large
and systematic silicon isotope fractionation was observed within each bamboo. The
63°Si values decrease from roots to stem, but then increase from the stem, through the
branch to the leaves. The ranges of §°°Si values within each bamboo vary from 1.0%o0 to
3.3%seo. This kind of silicon isotope variation might be caused by isotope fractionation
in a Rayleigh process when SiO, precipitated in the stem, branches and leaves gradu-
ally from plant fluid. Considering the distribution patterns of SiO, contents and §°°Si
values among different bamboo organs, evapotranspiration may be the driving force
for an upward flow of a silicon-bearing fluid and silica precipitation. Passive silicon
uptake and transportation may be important for bamboo, although the role of active
uptake of silicic acid by roots may not be neglected. The samples with relatively high
6°°Si values all grew in soils showing high content of organic materials. In contrast,
the samples with relatively low §°°Si values all grew in soil showing a low content
of organic materials. The silicon isotope composition of bamboo may reflect the local
soil type and growth conditions. Besides, bamboos may play an important role in the
global silicon cycle. See Chapter 5 for detailed discussion.

4.5.4.3 Silicon isotope composition of wheat

Hodson et al. (2008) studied mature wheat plants from one crop collected one week
before harvest. The organs of culm, rachis, leaf sheaths, leaf blades and inflorescence
bracts were separated and their silica contents were measured. The phytoliths isolated
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from the individual organs were subsequently analyzed for §°Si and 6°°Si. The SiO,
content was highest in the leaf sheaths and leaf blades and lower in the inflorescence
bracts, culm and rachis. 6°°Si and §°°Si were highly correlated, and both increased in
the upper parts of the plant. They suggested that there are two routes for Si transport
within the plant: 1) culm — leaf — sheath — leaf blade; and 2) culm — rachis —
inflorescence — bracts. They found that heavier isotopes increased towards the end
of both routes. See Chapter 5 for detailed discussion.

4.5.4.4 Silicon isotope composition of banana

Opfergelt et al. (2006b) studied the silicon isotopic fractionation between the different
plant parts of banana. On mature banana from Cameroon, §%°Si ranged from +0.13%o
in the petiole to +0.49%o in the lamina, yielding to a 0.36%0 change towards heavier
isotopic composition in the upper parts of the plant. This strongly accords with re-
sults obtained on in vitro banana plantlets cultivated in hydroponics, where the §2°Si
increase from pseudo-stems to lamina is 0.26%o. These preliminary results on in situ
banana show a trend of intra-plant fractionation comparable with that of in vitro hy-
droponics banana plantlets and with previous data obtained on bamboo (Ding et al.,
2003). See Chapter 5 for detailed discussion.
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5 Several aspects of silicon isotope applications

By using the analytical methods described in Chapter 2, and on the basis of the knowl-
edge on silicon isotope fractionation mechanisms discussed in Chapter 3 and silicon
isotope distribution in various extraterrestrial and terrestrial reservoirs illustrated in
Chapter 4, multidimensional investigations of silicon isotope applications have been
carried out in various geological, geochemical and biochemical fields. In this chapter,
the important progress obtained in four fields will be presented as the examples of
silicon isotope applications. They are the studies on: 1) global silicon cycle; 2) envi-
ronmental variation of ocean; 3) mechanisms of absorption, transportation and pre-
cipitation of silicon in plant growth processes; and 4) silicon sources and genesis of
ore deposits.

5.1 Studies on global silicon cycle

The global Si cycle basically consists of two sub-cycles: 1) one relatively discrete sub-
cycle on the continents; 2) another sub-cycle in the oceans (Figure 5.1). The transfer
of Si between the two sub-cycles is essentially unidirectional, so the land-to-ocean Si
flux is of interest both as an integrative function of the continental Si sub-cycle and as
the chief input for the ocean Si sub-cycle.

continental BSi
By 0.3%e

hydrothermal uids (+)
0.6/yr; -0.3%0

buried BSi (-) =2
6.14r

Figure 5.1: Schematic of modern global silicon cycle at steady-state. The fluxes (with “/yr”) and
reservoir size are shown in 10'2 mol Si. Their associate silicon isotopic compositions are shown in
permil (%o). Symbols (+) or (-) stand for inputs or outputs relative to the ocean. Dashed arrows indi-
cate dissolution of marine biogenic silica. Flux data are compiled and reconsidered from published
literatures (Tréguer et al., 1995; Canfield et al., 2005; Tréguer and de La Rocha, 2013; Frings et al.,
2016), and 3%°Si values are from Chapter 4 of this book. See the text for details.
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5.1.1 The continental Si sub-cycle

The key processes in the continental Si sub-cycle are illustrated in Figure 5.1. In this
section, the discussion on this issue is based mainly on the systematic and detailed
review done by Frings et al. (2016). This sub-cycle begins with the release of dissolved
silicon (DSi) in weathering processes. A fraction of generated DSi may then be trans-
ferred directly to the fluvial system, via groundwater or soil water flow. The second
fraction may be incorporated into, or adsorbed onto, secondary phases of variable
stability. Finally, the third fraction may be utilized by vascular plants that take up DSi
and subsequently precipitate it as biogenic silica (BSi) structures termed phytoliths
(Carey and Fulweiler, 2012; Massey et al., 2006; Piperno, 2001). In the plant littering
process, the BSi returns to the soil where it may dissolve, be stored or be structurally
or chemically altered (Bardo et al., 2014; Sommer et al., 2006). Ultimately, Si will be
released into the fluvial system as both DSi and eroded particulate Si. BSi, altered BSi
and pedogenic silicates are all un-crystalized and show similar solubility and reactiv-
ity. So they are commonly called ‘amorphous silica’ (ASi) (Saccone et al., 2007). The
net result of continental Si cycling is that in many ecosystems, a soil-plant ASi pool de-
velops that is orders of a magnitude larger than the annual release of DSi from primary
minerals via weathering (Blecker et al., 2006; Clymans et al., 2011; Struyf et al., 2010).
Thus, it is generally accepted that terrestrial soil-plant systems buffer the release of
Si from the continents (Struyf and Conley, 2012), and that perhaps even a majority of
river DSi passes through this buffer before export into the river system (Derry et al.,
2005; Struyf et al., 2009). In the river system, both biotic and abiotic processes can
further modify the Si flux (Bouwman et al., 2013; Conley and Malone, 1992; Frings et
al., 2014a; Lauerwald et al., 2013; Milliman and Boyle, 1975; Weiss et al., 2015).

5.1.1.1 Silicon isotope variation in various steps of the continental sub-cycle

The silicon isotope compositions of various Si reservoirs in the continent are influ-
enced by multiple processes, which vary according to place and time. The major pro-
cesses are discussed below.

The weathering process of silicate rocks
In the weathering process, clay minerals and dissolved silicon are generated from sil-
icate rocks and minerals (Tréguer et al., 1995). The dissolved silicon in soil water and
groundwater is the major Si contributor to stream and river waters. Compared to the
source rocks, the new-formed clay minerals tend to have lower 6%0Si (=2.6 ~ —0.2%o),
while the dissolved silicon tends to have higher §°Si value (-0.3 ~ 2.1%o) (Ding et al.,
1996, 2004; Ziegler et al., 2005a,b). The §°°Sip; in the soil water is controlled by the
type of source rock and the weathering conditions (Ziegler et al., 2005a,b).

Large 6°°Si variations were discovered among major rock types. The §°°Si range
is —1.0 ~ 0.4%o for igneous rocks, —2.2 ~ 0.8%o for metamorphic rocks, —0.5 ~ 0.5%o
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for sandstone, —0.6 ~ 0.7%o for siltstone, —0.8 ~ 1.3%o for shale, —0.8 ~ 1.3%o for clays,
4.3 ~ 3.9%o for chert and -2.7 ~ 0.3%o for soils (see Chapter 4 of this book). Some
minor silica bearing rocks, such as quartz bands in BIFs, vein quartz, silica sinter in
hot springs, cherty rocks in black smokers (Ding et al., 1996) and quartz in silcretes
(Basile-Doelsch et al., 2005) show even larger variations in 6°°Si. It has been found
that the 6°°Si values of soil water and small rivers are influenced by the rocks exposed
in the drainage area. However, for large rivers, such as the Yangtze River, the Amazon
River, the Nile River and the Congo River, a great variety of rocks occur in the drainage
area, and the average 6°°Si of the source rocks might be similar to the crustal value. It
means that the Si isotopic compositions of source rocks are unlikely to be responsible
for any large differences in the §°°Sipg; values of the large rivers in the world.

Concerning the effect of weathering conditions, it is observed that the §°°Si value
of soil solution increases by about 1.5%0 when clay minerals precipitate at 25°C, but
only by 1.0%o0 when allophane precipitates at 90°C (Ziegler et al., 2005a). In a natu-
ral environment, the actual effect of the weathering temperature will not be so large,
as differences in the weathering temperature are usually smaller than that used by
Ziegler et al. (2005a).

It is also recognized that the 63°Si values of soil solution depend on the degree of
weathering. As soils develop and a greater fraction of Si resides in new-formed clay
minerals, the §3°Si values of the bulk soil change progressively towards more nega-
tive values and the 6°°Si values of soil solutions from older soils become less positive
(Ziegler et al., 2005a). Furthermore, Cardinal et al. (2010) indicate that there are two
types of weathering regimes in the Congo basin: one, where clays are formed and re-
main stable and has higher §°°Sij,¢; values (0.98 + 0.15%o); the other, where clays are
dissolved under the action of organic matter, exhibit the lowest §°°Siyg; values for
running surface waters (0.02 + 0.13%o).

The effect of weathering processes varies from place to place and from time to
time. These variations are compared between two large drainage areas, the Yangtze
River basin and the Yellow River basin, in China (Ding et al., 2014, 2016). The Yellow
River basin is located north of the Yangtze River basin. In comparison to the Yangtze
River basin, the climate in the Yellow River region is colder and drier (YRCC, 2007).
The former features an annual average temperature of 16°C, an annual precipitation of
1067 mm and an annual evaporation of 541 mm. In contrast, the latter is characterized
by an annual average temperature of 12°C, an annual precipitation of 466 mm and an
annual evaporation of 1100 mm. Therefore, the natural chemical weathering intensity
in the Yellow River region is lower compared to the Yangtze River basin.

Growth of phytoliths in plants

It is known that higher plants play an important role in the biogeochemical cycle of
silicon (Tréguer et al., 1995; Alexandre et al., 1997; Conley, 2002; Raven, 2003; Ding
et al., 2004, 2005a, 2008a,b; Derry et al., 2005; Ziegler et al., 2005a; Opfergelt et al.,
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2006a,b). They take up silicon from the soil solution and transport and precipitate sil-
ica in their tissues. In this process, the DSi of the soil solution is significantly reduced
and Si isotopic fractionation occurs between plants and soil solution. The Si isotope
fractionation between plants and soil solution has been investigated for rice (Ding
et al., 2005a, 2008b; Sun et al., 2008), wheat (Hodson et al., 2008), banana (Opfer-
gelt et al., 2006a,b), bamboo plants (Ding et al., 2008a) and some trees (Engstrom et
al., 2008). These studies show that plants preferentially take up light Si isotopes, and
greater Si isotope fractionation occurs in plants with higher Si concentrations (Opfer-
gelt et al., 2006a; Hodson et al., 2008). During these processes, the §°°Si; values of
soil solutions are increased further. Thus, phytoliths growth in plants is an important
process controlling the DSi and 6°°Sipg; of soil water and river water. For example, it
was suggested that the DSi and §°°Sipyg; values of the Yangtze River are significantly
influenced by the growth of rice and grass (Ding et al., 2004, 2008b, 2014), and the DSi
and 6°°Sipg; values of the Yellow River are influenced by growth of the wheat (Ding et
al., 2011, 2016).

Evaporation of water from the river system and addition of meteoric water into the
river system
Evaporation of water from the river system will increase the DSi of the river water,
while addition of meteoric water to the river system will reduce the DSi of the river wa-
ter. However, the §°°Sipg; of the river water will not change in these processes unless
they are accompanied by precipitation or dissolution of Si-bearing minerals.

The effect of evaporation is especially significant in some drainage areas with
a dry climate. For example, in the Yellow River basin, the annual precipitation is
466 mm, while the annual evaporation is 1100 mm. In its middle reaches, the an-
nual precipitation is only 200~300 mm, but the annual evaporation is up to 2000
mm. Evaporation in the Yellow River region is thus very pronounced. This factor is
exaggerated by the irrigation activities (Chen et al., 2006). The middle reaches are
an important agricultural area of China, where the growth of wheat, corn, cotton
and fruit trees relies chiefly on irrigation water from the Yellow River. After further
evaporation in the farmland, the returned irrigation water is even more saline and
characterized by a higher DSi value. This process provides a good explanation for the
positive correlation that is observed between DSi and the total dissolved solids (TDS)
(Ding et al., 2011).

Dissolution of phytoliths in soil

The phytoliths are returned to the soil during the plant littering process. Dissolution
of phytoliths in the soil will provide some dissolved Si to the soil solution, which ul-
timately flows into the rivers and affects their DSi and 6°°Sijg; (Farmer et al., 2005;
Wickramasinghe and Rowell, 2006). The effect of dissolution of the phytoliths to DSi
and 6°°Sipg; in soil water and river water have been discussed for the Yangtze River
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(Ding et al., 2014), Yellow River (Ding et al., 2011, 2016), Kalix River (Engstrom et al.,
2010) and Siberian Rivers (Pokrovsky et al., 2013).

Growth of fresh water diatom
Fresh water diatoms are widely distributed in creeks, rivers and especially in lakes and
reservoirs (Alleman et al., 2005; Mackay, 2007; Swann et al., 2010). Diatom growth is
one of the major processes affecting the silicon cycle in the riverine system. The effect
of diatom growth on the §°°Si value of fresh water was studied in Lake Tanganyika
by Alleman et al. (2005). From their §°Si values, the average §°°Si values can be cal-
culated to be 1.7%o for surface water, 1.2%o for deep water and 0.5%o for epilimnion
biogenic opal. Similar to the processes observed in the oceans, the growth of fresh wa-
ter diatoms can reduce the DSi of lake and river waters and raise the §°°Siyg; values.
The very high 6°°Sijg; value found in the Nile River is mainly attributed to the
growth of aquatic organisms (diatoms and macrophytes) in the lakes and river of the
Nile River basin (Cockerton et al., 2013). Low DSi concentrations and correspondingly
enriched Siisotope values are found in the headwater lakes and in the main Nile where
depletion of Si by aquatic organisms is thought to be most important (Cockerton et
al., 2013). Then extensive downstream enrichment of Si isotopes and depletion of DSi
are observed during both wet and dry seasons in the Nile River, reflecting active bio-
chemical Si cycling (Cockerton et al., 2013). Similar effects are also observed in some
lakes and reservoirs of the Yellow River system, although the influence is rather lim-
ited (Ding et al., 2016).

Adsorption and desorption of agqueous monosilicic acid on iron oxide

Monosilicic acid can be withdrawn from the soil solution through its sorption onto
aluminum and iron oxides (Beckwith and Reeve, 1963; Jones and Handreck, 1963;
Mckeague and Cline, 1963). Delstanche et al. (2009) studied experimentally the sili-
con isotope fractionation in this process by using a system of H,SiO, adsorption onto
synthesized ferrihydrite and goethite. They found that the remaining solution was sys-
tematically enriched in 3°Si, reaching maximum 6°°Si values of 1.4%.o for ferrihydrite
and 1.0%o for goethite. Based on these results, they suggested that the sorption of
H,Si0, onto synthetic iron oxides produced a similar Si isotopic fractionation to that
observed for Si uptake by plants and diatoms.

The effect of H,SiO, adsorption on the fractionation of Si isotopes in a natural
system was studied by Opfergelt et al. (2009) in two weathering sequences of basaltic
ash soils in Cameroon. They found that adsorption of H,SiO,, by the iron oxide miner-
als of soils left a solution depleted in light Si isotopes, confirming the results obtained
with synthetic iron oxides. The solutions were systematically enriched in 3°Si, reach-
ing maximum &°°Si values of between 0.16%o and 0.95%o after 72 h of contact time.
The enrichment of the solution in heavy isotopes increased with an increasing degree
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of soil weathering, higher iron oxide content and larger proportions of short range or-
dered iron oxide (such as hydrous iron oxide). However, the Si isotopic composition
of the solution was also partly influenced by the Si release, possibly through mineral
dissolution and Si desorption from oxide surfaces. Opfergelt et al. (2009) also inves-
tigated the Si isotope compositions of rivers in the studied area. They found that in
natural environments, H,SiO, adsorption onto soil iron oxides has some impact on
the Si isotopic compositions of the soil solution exported to streams.

The effect of H,SiO, adsorption on the Si isotope variation in the Yangtze River
system and Yellow River system are also discussed by Ding et al. (2011, 2014, 2016).
It is reported that iron oxides are present in all SPM samples collected in these two
river systems. The average contents of iron oxides in SPM are 8.01% and 4.61% for
the Yangtze River and Yellow River, respectively. These indicate that iron oxides are
commonly present in the soils of both two areas. Besides, it was previously reported
that the loess soils had an average Fe,0; content of 4.18% (Wen et al., 1996). Thus,
H,SiO, adsorption onto iron oxides should have an impact on the DSi and §°Sijg;
values of the soil solutions, as well as the stream and river waters of the Yangtze River
basin and the Yellow River basin.

Precipitation of silcretes and formation of clays coatings in aquifers

The precipitation of silcretes (Basile-Doelsch et al., 2005) and the formation of clay
coatings in aquifers (Georg et al., 2009b) will reduce the DSi of soil water and ground-
water and generate higher 6°°Sip; values. This will ultimately affect the DSi and
8°°Sipg; of the river water. Such processes might also play a role in the aquifers of the
other large river systems, but this has not yet been investigated.

Human activities

Human activities, including agricultural, industrial and domestic water uses, can have
an important impact on the DSi and §°°Si values of river systems. While the effects of
agriculture were already discussed above, the impacts of industrial and domestic wa-
ter uses are likely to be complicated and they have not yet been investigated in detail.

5.1.1.2 Present-day continent inputs of DSi to the global ocean

The most important continent sources of DSi to the global ocean are supplied by the
continental fluvial system. Chiefly, these sources are: 1) DSi in rivers, 2) DSi in ground-
water and 3) the dissolution of river SPM. DSi derived from these sources must first
pass through many fluvial “filters’, including wetlands, lakes, floodplains, estuaries
and the coastal zone before reaching the open ocean. Besides, the dissolution of Ae-
olian dust also provides some DSi to the global ocean. In this section, the magnitude
and isotopic compositions of these inputs to the ocean based on Frings et al. (2016)
are presented (summarized in Table 5.1).
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Table 5.1: Summary of the modern day inputs of DSi to the global ocean, together with estimates of
their Si isotope composition (based on Frings et al., 2016).

Flux DSi (10*? molSiyr!)  6°Si (%o) Level of understanding
River DSi 6.3 0.4 1.3 +0.7 OK
Estuarine removal -0.6 0.1 Poor
Net River DSi input 5.7 1.4

Dissolution of SPM 1.9 1.0 -0.2 0.3 Poor
Groundwater DSi 0.6 0.5 0.1 0.9 Poor
Dissolution of dust 0.5 0.2 -0.7 0.4 Poor
Hydrothermal fluids 0.6 0.4 -0.3 0.2 Poor
Low temperature alteration 0.4 0.3 0.0 0.5 Poor
of oceanic crust

Sum 9.7 1.3 0.7 0.2 Poor

River DSi flux

As a major provider of dissolved silicon to the ocean (Tréguer et al., 1995), rivers play a
significant role in the global Si cycle. Thus the DSi contents and silicon isotope compo-
sitions of terrestrial river systems has attracted wide attention recently. By now, a num-
ber of important river systems, such as the Yangtze River (Ding et al., 2004, 2014), the
Yellow River (Ding et al., 2011, 2016), the Kalix River (Engstrom et al., 2010), Icelandic
rivers (Georg et al., 2007b), Swiss rivers (Georg et al., 2006b), the rivers in the Congo
Basin (Cardinal et al., 2010), the Nile River (Cockerton et al., 2013), Central Siberian
rivers (Pokrovsky et al., 2013) and the Amazon River (Hughes et al., 2013) have been in-
vestigated for their DSi and 6°°Sipg; characteristics, which are summarized in Table 4.1
and illustrated in Figure 4.40. The DSi and 6°°Sipg; characteristics vary from one sys-
tem to another due to change of relative importance of various processes occurred in
different river systems.

Among these rivers, the average 63°SiDSi (2.02%o) of the Nile River is the highest,
which is mainly attributed to the growth of aquatic organisms (diatoms and macro-
phytes) in the lakes and river of the Nile River basin (Cockerton et al., 2013). In the
headwater lakes in the main Nile, the low DSi and high 6°°Si,¢; values were observed,
which is considered to be the fact of freshwater diatoms and other aquatic organisms;
in downstream of the river, significant depletion of DSi and increased 6°°Sip,; values
were found during both wet and dry seasons, reflecting also the biological activity
(Cockerton et al., 2013). The heavy isotope 2°Si is enriched in surface waters during
the dry season due to a reduction in mobilization of dissolved Si from the catchment
relative to aquatic demand (Cockerton et al., 2013). Besides, localized anthropogenic
impacts on the isotope composition of surface waters are identifiable with respect to
both the hydrological and Si cycles, especially during the dry season and along the
main Nile where irrigation and retention of stored floodwaters behind large dams are
most prevalent (Cockerton et al., 2013).
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The average §°°Sipg; (1.63%o) of the Yangtze River is the second highest, with an
intermediate DSi value. Due to the relatively warm and humid climate, physical and
chemical weathering and biological activity are intensive and play a very important
role in controlling the DSi and §°°Sipg; of the river. It was also suggested that the
growth of rice and grass had a significant influence on DSi and §°°Sipg; of the river
(Ding et al., 2004, 2014). As red soils are common in the drainage basin, the adsorp-
tion and desorption of aqueous monosilicic acid onto iron oxides may also be one
of the major processes affecting DSi and §°°Si,; values of the Yangtze. Furthermore,
growth of fresh water diatoms may also play a minor role in this aspect.

The average 63°SiDSi (1.62%0) of the central Siberian rivers is also quite high and
significant variations of §°°Sipg; (0.6~2.72%0) and DSi (52~352 uM) are observed in
these rivers (Pokrovsky et al., 2013). They are linked to specific features of Siberian
rivers within the permafrost zone such as 1) high concentrations of suspended sili-
cate matter during the spring flood, driving the congruent dissolution of clay miner-
als and river water enrichment in light Si isotopes; 2) the progressive increase of the
soil active layer depth during summer accompanied by secondary mineral precipi-
tation in surface layers and plant uptake of Si, leading to river water enrichment in
heavy isotopes and finally 3) the impact of the permafrost-hosted deep underground
waters during winter, when the porous fluid enrichment in heavy isotope occurs un-
der a very high mineral/water ratio accompanied by secondary mineral precipitation
in deep permafrost waters.

The average 6°°Sipg; value of the Yellow River (1.34%o) is significantly lower than
those of the Nile River, the Yangtze River and the Siberian Rivers, but higher than those
of other rivers. This condition is consistent with differences in the intensity of chem-
ical weathering and biological activity. The Yellow River catchment is an important
agricultural area of China that features more intense chemical weathering and biolog-
ical activity than the areas of the Swiss rivers, the Iceland Rivers and the Kalix River.
However, due to colder weather and lower precipitation, the chemical and biological
activities in the Yellow River basin are less intensive than in the Yangtze River region.

In contrast to above rivers, the average 6°°Sipg; values of the Iceland (0.63%o) and
the Swiss rivers (0.84%o) are much lower. The Swiss rivers are located in a high moun-
tainous area (Georg et al., 2006b), while the Iceland rivers are located at high latitude
area (Georg et al., 2007b). Both areas have very low average annual temperatures and
feature less chemical weathering and low biological activity, which may be the rea-
sons for the low §°°Sip; values of these rivers.

The average §°°Sipg; value of the Kalix River is 1.02%o, slightly higher compared
to the Icelandic and Swiss rivers, but much lower than the Yangtze River. The Kalix
River catchment is situated in the boreal forest area of northern Sweden with a sub-
arctic (boreal) climate and ice cover until May. According to Engstrém et al. (2010),
the DSi and 6°°Siy,; values of the Kalix River are mainly controlled by the weathering
of silicate minerals, Si absorption by the boreal forest trees, dissolution of biogenic

printed on 2/10/2023 8:05 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

5.1 Studies on global silicon cycle =— 139

silica in the soil and Si uptake by fresh water diatoms in lakes. Chemical weather-
ing and biological activity in the Kalix River area are slightly stronger than those in
the Swiss and Icelandic rivers, but much weaker than that in the Yangtze River catch-
ment.

The Congo River is situated in tropical Central Africa. Its main branch and largest
tributaries have an average 6°°Siyg; value of 0.98%o; while small tributaries have an
average 53OSiDSi value of 0.02%o (Cardinal et al., 2010). As mentioned in Chapter 4,
there are two different weathering regimes in the central Congo Basin (Cardinal et
al., 2010): One is the regime of rain forests, wooded grassland and savanna, where
newly formed clays that enriched in light Si isotopes remain stable; The other regime
is characterized by swamps, where clays are dissolved by the action of organic mat-
ter, resulting in the delivery of light Si isotopes to rivers. The §°°Siy; values of each
regime are primarily controlled by silicate weathering intensity and the distribution
of 6°°Sipg; values in the Congo River therefore results mainly from mixing of water
from two types of weathering regimes (Cardinal et al., 2010). Therefore, in a low relief
and flooded area, organic acids may play a significant role in controlling weathering
processes. It was concluded that the changes in the weathering intensity or extent of
wetlands would lead to changes in the isotopic signal of Si delivered to the ocean (Car-
dinal et al., 2010).

The Amazon River is also situated in tropical area, whose 6°°Sipg; was proposed
to be influenced by three main factors, with an average of 0.98%0 (Hughes et al.,
2013). The first is the formation of 2:1 clays, which probably cause a fractionation fac-
tor of —2.05%0. The second factor is the fractionation model followed in the different
basins. The Rio Solimdes clearly follows a Rayleigh fractionation model, while the Rio
Madeira seems to follow a batch equilibrium model. The cause of this difference could
be linked to the different mineralogy in this basin. The third factor is the fraction of
dissolved Si incorporated in newly formed minerals. The clear relation between §°°Si
signatures and Si mobility in the Amazon Basin can be observed and may be used as a
good proxy for Si mobility and thereby for clay formation. Compared to these factors,
the effect of direct biological impact seems not so significant. All of these conditions
may be the reasons that the Amazon River shows significantly lower §>°Sipg; values
than those of the Nile River, the Yangtze River and the Siberian Rivers.

From the above comparison, it is clear that changes in the climate, weathering
intensity and biological activity in the catchment areas can significantly influence the
temporal and spatial distribution of DSi and 6°°Si; values of individual river systems
and the concentration and silicon isotopic composition of dissolved Si exported to
the ocean. At this stage, the §°°Sip; values of global rivers display a large range from
—1.4%0 to 4.7%0, with an average of 1.4%o. More information on other large rivers may
improve our understanding on the contribution of river system to the global Si cycle
and Si isotope budget.
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Magnitude of river DSi flux

Based on the discussion above, the modern river DSi flux is reasonably well con-
strained. Average river water DSi concentrations are ~160 pM (9.5 mg /L SiO,) (Diirr et
al., 2011b). Using nutrient model with a stepwise multiple linear approach, Beusen et
al. (2009) predicts a DSi fluxes of 6.33 x 10> mol yr! to the coastal ocean. A similar
estimate (6.18 x 10'? mol yr!) was obtained by Diirr et al. (2011b). The data of Beusen
et al. (2009) was accepted by Frings et al. (2016) and listed in Table 5.1.

83%Sig; of river flux

So far, more than 700 data of silicon isotope compositions of dissolve silicon in river
water are reported (Figure 4.37B). The §°°Sipg; values vary from —1.4%o to 4.7%o, with
a mean of 1.35%o and a standard deviation of 0.69%0. It is seen that seasonal and
longitudinal variability of §°°Siyg; in river is typically large, on the order of 1.0%o.
There are generally trends that: 1) §°°Sipg; in the river is higher than the minerals from
which it ultimately derives; 2) §°°Sipg; in river decreases with increasing discharge; 3)
There is no global relationship between §>° Sipg; and DSi concentrations; 4) Individual
sampling stations tend to show seasonal variability of ca. 0.5%o0 to 1.0%0 with lower
values corresponding to high-discharge periods; 5) River 6°°Sig; tends to increase
downstream (Figure 5.2).

The role of estuaries in modulating river Si fluxes

The estimates of sediment and DSi delivery via rivers to the ocean are based on the
sampling of the river freshwater end-member, often a considerable distance upstream
of its entrance to the ocean. It is acknowledged that storage of sediment fluxes be-
tween gauging stations and the end of the freshwater end-member may cause global
sediment delivery to be overestimated (Allison et al., 1998; Milliman and Farnsworth,
2011). A similar problem exists with DSi as the river passes through the salinity gra-
dient and across a continental shelf to reach the open ocean. Estuarine and other
coastal environments are often highly productive. If this production removes Si and
permanently stores it in estuarine or deltaic sediments, then the amount of DSi enter-
ing the global ocean will correspondingly decrease. Removal of DSi will be manifested
as non-conservative mixing between the freshwater and saline end-members (Bien et
al., 1958), and can occur biologically (Conley and Malone, 1992) and abiotically (Chou
and Wollast, 2006). It has been reported that diatom blooms in the mixing zone may
consume up to 50% of riverine DSi in the Amazon River (DeMaster, 2002) and almost
100% in the Scheldt (Chou and Wollast, 2006), although most of this will be regen-
erated. Using published transects along salinity gradients, DeMaster (2002) inferred
0.6 x 10" mol Si yr~! for estuarine Si removal based on the degree of non-conservative
mixing (Table 5.1). The global estuarine surface area is ~1.1 x 10® km? (Diirr et al.,
2011a), implying a sedimentation rate of ~33 g Si0, km~2 yr!, close to lake sedimen-
tation rates (Frings et al., 2014a), and lower than the few estuarine BSi accumulation

printed on 2/10/2023 8:05 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost

5.1 Studies on global silicon cycle =— 141

54 Yangtze A
4
~ 3
L, ‘ 3 “z
= w&a $ + $
5 1 z *
w0
a
0 1000 2000 3000 4000 5000 6000
54 Yellow B
4
\E 3 $ ° P
S eERig st ige . oo
i o] SedS 8 ¢ P °
w U]
-1 —
0 1000 2000 3000 4000 5000 6000
59 Ganges C
4
-~ 34 A
X 2] A
~ 1A
& 17 A““%
m(/O 0_-'
-1 —777 7
0 1000 2000 3000 4000 5000 6000
69 Nile D
~ 451 M
°\8 3 " 'v ‘
> Wy
&2 4 ] W
MbO ] y
ot
0 1000 2000 3000 4000 5000 6000
39 Congo E
2
/g 1
X 0 4 «
OEZ _l
"-2/0 2
3 -5+
0 1000 2000 3000 4000 5000 6000

distance upstream of river mouth (km)

Figure 5.2: Longitudinal change in 33°Si of river DSi. A: Yangtze (Ding et al., 2014); B: Yellow (Ding et
al., 2016); C: Ganges (Fontorbe et al., 2013; Frings et al., 2015); D: Nile (Cockerton et al., 2013) and
E: Congo (Cardinal et al., 2010).

rates found in the literature (60~500 g SiO, km™2 yr ') (Colman and Bratton, 2003;
Qin et al., 2012; Carbonnel et al., 2013).

Isotopic effect of estuarine Si removal
DeMaster (2002) estimated that ~10% of river DSi is sequestered within estuaries to-
day as biogenic silica. If this is associated with a typical fractionation of —1.1%o (De La
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Rocha et al., 1997), then the 63°Si of river DSi entering the ocean is shifted towards
a higher value by ~0.11%0 due to the presence of an estuarine filter, assuming no
fractionation associated with reverse weathering. There is little work available to test
this conclusion, and the available studies are equivocal. In the Tana River, Kenya, DSi
mixes conservatively along the salinity gradient so there is no Si isotope fractionation
(Hughes et al., 2012). In the Lena River delta, DSi is removed along the salinity gra-
dient, but counter to expectations 63°Si also decreases (Engstrém, 2009), interpreted
as mixing with an unidentified 3°Si deplete water mass. Conversely, in the Elbe River
estuary (Weiss et al., 2015) and the tidal freshwater section of the Scheldt river (Del-
vaux et al., 2013), DSi concentrations are depleted — presumably by biological activity
— and 6°°Si of the residual DSi increases as expected, at least during the times of the
year in which silicifying organisms grow.

Dissolution of river suspended particulate matter

Magnitude of DSi flux from dissolution of river particulate matter

River suspended particulate matter (SPM) is predominantly silicate material (Viers et
al., 2009), some of which will dissolve in the ocean. Conventionally, river SPM is as-
sumed to dissolve sufficiently slowly that it does not contribute to biological cycling.
However, it need be only sparingly reactive to have a large effect (Oelkers et al., 2011;
Jeandel and Oelkers, 2015), and recent work suggests that dissolution, desorption or
ion-exchange of river SPM in estuaries and the coastal zone is indeed large enough
to be a substantial component of ocean elemental or isotope budgets (Gislason et al.,
2006; Jeandel et al., 2011; Jones et al., 2014; Oelkers et al., 2011). Estimates of the mag-
nitude of the total river particulate flux cluster around 14~20 x 10° tyr~! (e.g., Milli-
man and Meade, 1983; Syvitski et al., 2005) with a recent estimate being 19 x 10° t yr‘1
(Milliman and Farnsworth, 2011). How much of this SPM will dissolve in the ocean?
Insight can be gained by considering the amount of BSi carried by rivers, or by simple
experimental approaches exploring the interaction of river sediment and seawater.

1) River transport of biogenic silica

Conley (1997) quantified the BSi material carried by rivers at 1.05 + 0.20 x 10'
mol yr!, based on a simple extrapolation of surface water samples from a small
dataset of 11 rivers. However, with a growing awareness that the conventional mea-
surement protocols (weak alkali leaches, e.g., DeMaster, 1981) do not target BSi per
se, but rather a range of non-crystalline siliceous phases, the term ‘amorphous silica’
(ASi) is now more prevalent (Bario et al., 2014, 2015), although some fraction of river
SPM can indeed be ‘true’ BSi (Cary et al., 2005; Meunier et al., 2011). Dissolution rates
of ASi are greater, by around a factor of 5, in the higher pH and electrolyte concentra-
tions of seawater relative to freshwater ((Loucaides et al., 2008, 2012). As a result, the
ASi fraction is assumed to dissolve rapidly along the salinity gradient, an assumption
generally borne out in studies of estuarine particulate matter (Carbonnel et al., 2013;
Lehtimé&ki et al., 2013; Pastuszak et al., 2008). Frings et al. (2014b) showed that in
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the Ganges basin, the Si extracted by a conventional weak alkali leaching protocol
(DeMaster, 1981) is a relatively consistent fraction (mean + ¢ = 1.2+ 0.78%) of the total
sediment load. Extending the calibration dataset to include 415 paired and globally
distributed ASi-SPM measurements, Frings (2014) estimated that ~0.6% of global river
SPM is ‘ASi’. Taking a total SPM flux of 19 x 10° t, this implies that 1.9 x 10'2 mol yr!
ASi is carried by rivers.

2) Experimental approaches

Experimental work to investigate the interaction of river sediment and seawater
has mostly used riverbed material from basaltic islands (e.g., Jones et al., 2012a,b;
Pearce et al., 2013; Oelkers et al., 2011), though Jones et al. (2012b) also used material
from the Amazon, Mississippi and Orange rivers. Over the full course of these experi-
ments, only about 0.005 to 0.01% of the Si in the sediment was solubilized. However,
given the high solid:solution ratios (ca. 1:3), a near-equilibrium concentration was
quickly obtained, impeding further dissolution. Focusing on basaltic glass, Morin et
al. (2015) confirmed Si dissolution rates increase as a function of salinity. Their exper-
iments were conducted at 90°C, and based on an extrapolation to 16°C and assump-
tions about the quantity of sediment deriving from volcanic islands, they argue 2~8 x
10" mol Si yr! is released from basaltic glass dissolution alone, broadly equivalent
to the river DSi flux. The young, basaltic sediment used in these studies is known to
have high dissolution rates (Dupré et al., 2003) but is unlikely to be representative
of global river SPM. These problems hamper extrapolation of the results to a global
scale — further field or lab-based approaches in granitic or meta-sedimentary terrains
are required. Nevertheless, they demonstrate the potential importance of dissolution
of terrigenous material, which is reinforced by a mass-balance of the Mediterranean
Si cycle that invokes dissolution of 1% of river SPM to close the budget (Jeandel and
Oelkers, 2015).

Given that the ASi content of river SPM is of a very similar order of magnitude, this
suggests the two approaches at least partially target the same Si. The relevant ques-
tions then become: 1) To what extent do the measurement protocols for river ASi reflect
the behavior of river sediment in seawater? 2) To what extent do the extraction proto-
cols target amorphous silica? and 3) To what extent is there a discrete ASi pool? These
questions require further research. For the time being, we assume that the protocols
developed for BSi analysis (e.g., DeMaster, 1981) fortuitously capture the amount of
all Si likely to dissolve in seawater — both amorphous and lithogenic — and, therefore,
take a flux of 1.9 x 10’2 mol yr! as the input of DSi to the ocean from terrigenous sedi-
ment dissolution, which may need revising upwards if the results of Morin et al. (2015)
can be confirmed.

43°Si of DSi flux from dissolution of river particulate matter
The 6°°Si of bulk SPM has been measured only in the Yellow (Ding et al., 2011, 2016)
and the Yangtze rivers (Ding et al., 2004, 2014). The spatial and temporal variations
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Figure 5.3: Longitudinal and temporal variations of 3°°Sispy in the Yangtze River and Yellow River.
A: Yellow River (Ding et al., 2016); B: Yangtze River (Ding et al., 2014).

of 6°°Sigpy values in these two rivers are shown in Figure 5.3. Both systems have low
8°°Sigpy, but the mean value (~0.02%o) of the Yellow River is about 0.3%o higher than
that (-0.34%o0) of the Yangtze River. From upper stream to downstream, there is a gen-
eral decrease trend of §°°Sigpy in both rivers. Besides, the samples collected in the
dry season (April of 2004 and 2006) show generally lower §°°Sigp, values than those
collected in wet season (July of 2003, 2005 and 2007). These variations seem to be
related to the clay/sand ratio in the SPM (Ding et al., 2014, 2016). The §°°Si of ASi
has never been directly assessed in river sediment, although we can extrapolate from
terrestrial ecosystem studies that these phases, whether formed biogenically (e.g., di-
atoms, phytoliths) or inorganically (e.g., poorly crystalline aluminosilicates), should
tend towards even lower 63°Si. At this stage, we may take the mean of the Yellow and
Yangtze Rivers of —0.18 + 0.25%o as a representative of the Si isotopic composition of
terrigenous sediment.

Submarine groundwater discharge (SGD)

Magnitude of DSi flux from submarine groundwater discharge

It has long been recognized that the discharge of water from groundwater directly into
the ocean may be a significant term ecologically, chemically and volumetrically (Jo-
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hannes, 1980). Even if the flow rates are low, integrated over the entire length of a
shoreline and combined with the generally higher solute concentrations in ground-
water, SGD fluxes can be important (Moore, 1996). The patchy and variable nature of
this water flux has made it difficult to quantify (Burnett et al., 2006). Nevertheless, sig-
nificant regional inputs of DSi from SGD have been demonstrated in, e.g., the Mediter-
ranean (Rodellas et al., 2015; Weinstein et al., 2011), the Bay of Bengal (Georg et al.,
2009a) and from volcanic islands (Schopka and Derry, 2012).

The only global estimates of the SGD contribution to the ocean Si budget are 0.4
and 0.6 x 10'? mol DSi yr! to the oceans, or approximately 6~10% of the river DSi flux
(Laruelle et al., 2009; Tréguer and de La Rocha, 2013). These are based on the product
of a total SGD of 2000 km? yr~! (Slomp and Van Cappellen, 2004) and an arbitrarily
assigned groundwater DSi concentration of 200 or 340 pM. Building on this approach,
we note that estimates of the volume of SGD (Slomp and Van Cappellen, 2004; Knee
and Paytan, 2011; Burnett et al., 2006; Taniguchi et al., 2002) range from 0.1 to 10%
of the global river flux (approximately 37 x 10 km? yr~!; Dai and Trenberth, 2002).
These estimates are commonly based on global water budgets, with SGD being the
residual of the other terms, such that the propagated uncertainty is of the same order
of magnitude as the flux itself. Nonetheless, a consensus seems to be developing for a

1 which we retain

total flux of approximately 5% of river discharge, i.e., 1850 km> yr~
as the total SGD water flux with an uncertainty of +50%.
Concerning the ‘mean’ groundwater DSi concentration, no systematic survey of
global groundwater geochemistry is available. Based on the data of 1785 European
bottled waters (Birke et al., 2010) and the database maintained by the USGS, Frings et
al. (2016) suggested a total SGD DSi flux of (0.65 + 0.54) x 10> mol yr~! or about 10%
of the river DSi flux, which is very close to the value suggested by Tréguer and de La

Rocha (2013). We therefore retain the value of 0.6x 10'2 mol Si yr~! as the SGD flux.

3°°Si of DSi flux from submarine groundwater discharge

The range of 6°°Si reported for groundwater DSi is large and spans from —0.15%o to
+1.34%o0 at various depths in the Bengal Basin (Georg et al., 2009a), from +0.35%o to
+1.01%o for Icelandic springs (Opfergelt et al., 2011a), from -1.42 to +0.56%0 along a
100 km flowpath in a sandstone aquifer in Arizona (Georg et al., 2009b) and from
-1.50 to —0.85%o in the Great Artesian Basin, Australia (Pogge von Strandmann et
al., 2014). Isolated values of +0.3%o, +0.5%0 and +0.7%o have also been reported in
Hawaiian systems (Ziegler et al., 2005a,b), and up to +2.07%o in a Siberian permafrost
landscape (Pokrovsky et al., 2013). Unsurprisingly, given the diversity of systems and
processes, there is no relationship between groundwater DSi concentration and §3°Si.
We take the mean of the 25 published values of +0.12%0, with a range of +1.0%o, as
representing the 6°°Si of groundwater DSi inputs to the ocean.
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DSi inputs from dissolution of atmospheric dust

Magnitude of DSi flux from dissolution of aeolian dust

All global Si budgets to date (Laruelle et al., 2009; Tréguer et al., 1995; Tréguer and
de La Rocha, 2013) take a value of 0.5 x 102 mol Si yr~!. Somewhere between 500 and
5000 x 10" g dust yr! is currently entrained into the atmosphere (Engelstaedter et al.,
2006), of which 134 to 910 x 10?2 gyr~! is deposited in the oceans (Duce et al., 1991;
Jickells et al., 2005). This is mostly in the form of wet deposition, i.e., scavenged by
precipitation, although gravitational (‘dry’) settling of larger particles may be impor-
tant in nearshore environments (Prospero and Arimoto, 2008). If the composition of
the upper continental crust (Rudnick and Gao, 2003) reflects the composition of min-
eral dust (67% of Si0,), somewhere between 1.5 and 10.2 x 10'2 mol Si yr ! is deposited
on the ocean surface.

Anywhere between < 1% to more than 10% may potentially dissolve (Guerzoni
et al., 1999; Tegen and Kohfeld, 2006), and a single value is hard to prescribe given
regional differences in source composition, particle size, etc. Estimate (0.5 x 10'2 mol
yr~!) made by Tréguer and de La Rocha (2013) is probably an upper bound. Clearly, the
two key terms in this derivation (dust deposition rates and Si solubility) need much
better quantification.

3°°Si of DSi flux from dissolution of Aeolian dust

In the absence of direct measurements, there are two means of identifying the sili-
con isotope composition of Aeolian dust. The mean of published bulk soil §°Si de-
terminations (Figure 4.36), equal to —1.21 + 0.70%o (n = 122), may suffice if soils can be
considered broadly representative of the sources of dust to the ocean. Alternatively,
the Pleistocene loess samples analyzed by Savage et al. (2013a) provide a mean of
—-0.22 + 0.07%o (n = 14), and a similar value of —0.2%o provided plausible results in
an endmember analysis of Si sources in the glacial east Philippines Sea (Xiong et
al., 2015). However, loess deposits tend to be towards the larger end of the dust size
spectrum (Muhs, 2013), while the long-range transport particles that enter the marine
realm may be smaller clays that tend towards lower §°°Si values. We therefore take a
value intermediate between soils and loess of —0.65%0, but suggest that it should be
empirically determined in future.

5.1.1.3 Potential for variability in continent-ocean Si fluxes

Impact of glacial climate on land-to-ocean Si fluxes

Impact of glacial climate on the river DSi flux and 33°Si

The river DSi flux is the single largest input to the ocean, but inferring potential vari-
ability on glacial-interglacial (G-IG) timescales is difficult, partly because the param-
eters controlling DSi fluxes are not well understood and are probably compensatory
to some degree (Kump and Alley, 1994). It is known that the flux, and its associated
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6°°Si, can vary in two ways (Frings et al., 2016): 1) via changes in the silicate weather-
ing rate and the weathering style; 2) via changes in continental Si cycling, particularly
the presence and efficiency of continental Si sinks (Billen et al., 1991; Meybeck and
Vorosmarty, 2005). We know that first-order controls on silicate-weathering rates in-
clude temperature, water availability and lithology, plus the tectonic parameters that
affect the exposure of new material (West et al., 2005). These parameters control the
degree of soil development, physical erosion rates, catchment hydrology and ecosys-
tem structure, which may be more direct determinants of silicate weathering rates.
However, in practice, this makes it rather difficult to predict the change of silicate-
weathering rates over G-IG cycles.

Based on the modelling of river DSi fluxes using lithology-specific runoff-Si flux
relationships (Jones et al., 2002; Gibbs and Kump, 1994; Munhoven, 2002), Frings et
al. (2016) assumed that the river DSi flux has been relatively invariant (+20%) since the
last glacial maximum (LGM). They demonstrated that a decrease in Si fluxes resulting
from lower continental precipitation was largely balanced by increased fluxes from
newly-exposed continental shelf.

However, the §°°Sipg; of the river might be more variable. River §°°Sipg; primar-
ily reflects weathering congruency, so if this could be inferred or reconstructed it can
constrain the magnitude of any change in river §°°Sip,;. Qualitatively, we suggest that
the river DSi at the LGM likely had a lower associated 6°°Si. Mechanistically, lower
glacial river 6°°Si may result from 1) reduced catchment fluid and/or sediment res-
idence times, 2) lower temperatures acting to lower rates of secondary mineral for-
mation via a reduction in the rate constants of precipitation or 3) the greater rela-
tive formation of 2:1 clays over 1:1 clays, which tends to be associated with a smaller
magnitude of fractionation (Opfergelt and Delmelle, 2012). Altogether, these can act
to reduce the total magnitude of clay formation (increase weathering congruency)
and, therefore, reduce the expression of Si isotope fractionation during glacials. Thus,
Frings et al. (2016) suggested a conservative reduction of 0.2 + 0.25%o of river DSi at the
LGM relative to today.

Impact of glacial climate on the dust flux and §3°Si

Marine and terrestrial sediments and ice-cores from both poles consistently show in-
creased dust accumulation rates over the LGM (Muhs, 2013). Glacial dust fluxes have
received attention for their potentially important role as a source of nutrients (partic-
ularly Fe or Si) to regions of the oceans where (siliceous) primary production is cur-
rently limited by lack of these nutrients (Harrison, 2000; Jickells et al., 2005; Martin,
1990). Due to expanded dust production areas, greater entrainment capabilities (drier
soils and higher winds) and greater transport capacity due to less efficient washout
(Muhs, 2013; Tegen and Kohfeld, 2006), total dust input to the glacial ocean was 2~10
times higher than modern deposition rates. Frings et al. (2016) assume that even if loci
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of dust production are variable, the solubility and mean isotopic composition (i.e.,
—0.67 + 0.45; Table 5.1) of the dust as estimated above are invariant.

Impact of glacial climate on the river sediment flux and 3°°Si

The boundary conditions that control river sediment export (e.g., temperature, precip-
itation, glacial activity and basin area) change over glacial cycles. Some larger rivers
have sediment deliveries buffered by their alluvial plains on timescales as long as qua-
ternary glacial cycles (Métivier and Gaudemer, 1999), although this does not apply to
all large rivers (Clift and Giosan, 2014). Glaciers and ice-sheets produce large amounts
of finely ground glacial flour, but the extent to which this contributes to enhanced
sediment fluxes rather than providing for a potential post-glacial pulse (Vance et al.,
2009) is unclear. Overall, Frings et al. (2016) consider that the net sediment load car-
ried by rivers at the LGM was between 1 and 2 x modern (preindustrial) values. They
make a simplifying assumption that the percentage of this sediment liable to dissolve
was a constant fraction, and assume no post-glacial sediment pulses or lags, and that
it had a constant 6°°Si.

Impact of continental ice-sheets on land-to-ocean Si fluxes

Subglacial and periglacial silicate weathering is different in style to subaerial weath-
ering. Analysis of subglacial streams shows that silicate weathering tends to be more
congruent, as evidenced by high Ge/Si (approaching the Ge/Si ratio of bedrock) and el-
emental stoichiometries (Tranter, 2005), and tends to be driven by acidity not sourced
from atmospheric carbon (Anderson, 2005; Wadham et al., 2010). The few investiga-
tions of 53°SiDSi in glaciated catchments (Georg et al., 2007b; Opfergelt et al., 2013)
show that these tend to be low §°°Si rivers that approach the parent material isotopic
composition. Therefore, a world with increased sub- or peri-glacial solute generation
could perhaps be expected to introduce low §°°Sijg;. Opfergelt et al. (2013) found a
difference in 63°Si of 0.8%o between glaciated and non-glaciated catchments in Ice-
land and estimated a net decrease in river 6°°Si of 0.12%o due to the presence of the
high-latitude ice sheets, mountain ice-caps and valley glaciers.

Impact of lowered sea-level on land-to-ocean Si fluxes

At the LGM, global eustatic sea levels were approximately 130 m lower as a result of
water storage in the polar ice caps (Lambeck et al., 2014). This may affect the inputs
to the global ocean and ocean Si cycling in at least three ways: 1) a reduction in the
‘fluvial filtering’ of land to ocean fluxes, 2) the exposure of new land surface to sub-
aerial weathering and remobilization of ‘old’ BSi, with an associated reduction in the
area of continental shelf available for neritic BSi sedimentation and 3) alteration to
groundwater flow dynamics.
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Reduction in the “fluvial filtering’ of land to ocean fluxes

The base level of a river system is the lowest level to which it can be subaerially eroded,
usually at sea level. In response to a sea-level change and, therefore, a channel short-
ening or lengthening, a river network can aggrade or incise to adjust towards a new
equilibrium profile, although the nature of the adjustment depends on shelf and chan-
nel gradients, sediment supply, stream power, etc. Frings et al. (2016) speculate that
water/sediment interaction times in alluvial plains were lower at the LGM because of
the lowered base-level. In this condition, the secondary mineral formation will be re-
duced, with a correspondingly lower exported 6°°Si, which could cause the mean river
8°°Sipg; to decrease by up to 0.2%o.

Lakes also act as biogeochemical reactors, converting some fraction of inflowing
DSi into BSi and burying it in their sediments (Frings et al., 2014a; Harrison et al.,
2012). This retention must shift §°°Si of the residual DSi higher (Frings et al., 2014a;
Hughes et al., 2012). During glacial periods, there were fewer lakes, causing less DSi
retention and smaller fractionation. These may constitute a further lowering of fluvial
6°°Si by ca. 0.1%o in glacial periods (Frings et al., 2016).

Estuaries provide a final example of how a less efficient fluvial filter may have al-
tered river Si fluxes on millennial timescales. During the LGM when river discharge
into the ocean was mostly direct (Kennett, 1982), a near cessation of estuarine Si fil-
tering could conceivably lower the net §°°Si of river DSi entering the open ocean by
~0.1%o0 (Frings et al., 2016).

Exposure of continental shelf

BSi accumulation rates on continental shelves are high (~1.8 x 10 mol yr ) because
of high production rates and higher preservation efficiencies (DeMaster, 2002). This
means that there are massive pools of BSi that could potentially become available to
subaerial weathering during sea level lowstands. The 6°°Si of this is unknown, but it
could alter the mean 63°Si of river DSi by +0.1%o (Frings et al., 2016).

Potential modification of submarine groundwater discharge at the LGM

A lowering of base level both allows for greater freshwater storage in continental
aquifers (Adkins et al., 2002) and increases the hydraulic gradient, which may be
expected to increase the glacial submarine groundwater discharge (SGD) flux relative
to today. Assuming a glacial SGD increase is counterbalanced by a decrease in river
runoff of the same magnitude, Frings et al. (2016) estimated that the 6°°Si of SGD is
held constant.

Impact of altered vegetation zonation on land-to-ocean Si fluxes
At the LGM, there was a general equatorward contraction in the zonation of vegetation
communities towards lower altitudes and latitudes, and an expansion of grasslands
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at both low and high latitudes (Harrison and Prentice, 2003). However, it is unclear to
what extent there are systematic differences in silicate weathering rates beneath var-
ious biomes. The ratio of export of fractionated material to initial solubilization from
bedrock is a key control on the silicon isotope composition of river water (Bouchez et
al., 2013). If a larger fraction of the total Si exported is detrital biogenic opal or other
secondary (alumino)silicates, then the degree of fractionation relative to bedrock of
the residual DSi should be more pronounced. Vegetation and its associated fungal
and bacterial communities are key players in soil/clay formation; it is likely that some
biomes are more efficient at producing secondary solids than others. And some ecosys-
tems may export more Si as biogenic Si. Besides, vegetation zonation may alter land-
to-ocean Si fluxes through transient changes in the size of the ecosystem Si pool. There
is the potential for a transient increase or decrease in river DSi fluxes and/or associated
changes in 6°°Si as the pool aggrades or depletes. However, the impact of altered veg-
etation zonation on land-to-ocean Si fluxes cannot be evaluated clearly at this stage.
It can be considered in combination with an impact of glacial climate on the river DSi
flux and 6°°Si.

Synthesis of potential changes

A summary made by Frings et al. (2016) of these mechanisms for change, together
with estimates of their impact on the Si flux magnitude and isotope composition, is
presented in Table 5.2 and graphically in Figure 5.4. Overall, the total inputs of DSi to
the ocean have declined slightly from the LGM to today, and that the weighted 6°°Si

Table 5.2: Summary of plausible changes to the magnitude and/or Si isotopic composition of dis-
solved Si inputs to the ocean, for the LGM relative to today. After Frings et al. (2016).

Altered flux  Mechanism for alteration Change in Change in associated
associated DSi flux ~ 3°Si (%o)

River DSi Altered weathering regimes +20% -0.45t0+0.05
Subglacial weathering -0.15t0 0
Lesser lake Si retention -0.10to 0
Less alluvial plain interaction -0.10to +0.1
Remobilization of continental shelf -0.10to 0
BSi deposits
Reduced estuarine filter 0~10% -0.10to0
Net: -20t0+30% -1.00to +0.05

Dust Greater dust generation; less efficient 2~10 x Constant
continental rainout

River SPM Increased glacial flour production, 1~2 x Constant
less vegetation stabilization

SGD Greater groundwater flow due to 1~2 x  Constant

greater hydraulic head
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Figure 5.4: A visual depiction of potential changes in the magnitudes (A) and §3°Si (B) of DSi fluxes
to the ocean between modern day and LGM. The figure emphasizes that the most likely mecha-
nism of altering the glacial ocean Si cycle is via a change in the relative importance of the individual
fluxes, rather than via a change in their 33°Si. After Frings et al. (2016).

of these inputs may have been up to 1%o lower at the LGM, larger than the changes
envisaged by previous work (Opfergelt et al., 2013; Georg et al., 2009a).

5.1.2 The oceanic Si sub-cycle

Silicon is a key nutrient element in the ocean. It is crucial to marine living organisms
including mainly diatoms and siliceous sponges, and can be utilized by many others
such as radiolarians, silicoflagellates, etc. Over the last few decades, we have real-
ized that the marine silicon cycle is strongly linked to the carbon and nitrogen cycles,
and thus the marine primary productivity, biological pump, and hence the global cli-
mate change (Tréguer et al., 1995; Ragueneau et al., 2006; Sarmiento et al., 2007).
Since then, the silicon isotopic composition of seawater and silicon isotope signals
preserved in sedimentary records (such as fossil diatoms, radiolarians and sponge
spicules retrieved from marine sediment cores) has been considered to be a powerful
tool to understand the marine silicon cycle in the present and in the geological past.
Dissolved silicon (DSi), which exists in the form of orthosilicic acid [Si(OH),],
is the dominant inventory of Si in the ocean. Generally, DSi concentration is much
lower in the surface ocean (~10 pM on average at ocean’s surface) than in the deep
ocean (~100 uM on average at 2000 m). In the surface water, oceanic DSi concentra-
tion varies drastically, from <2 pM in most part of open ocean, to ~50 pM or even higher
in the high nutrient-low chlorophyll (HNLC) regions, e.g., the Southern Ocean and the
North Pacific (Garcia et al., 2009). Such vertical and horizontal distribution patterns
are resulted mainly from the biological utilization. Marine diatoms are very competi-
tive phytoplankton which contribute 20~25% of the global primary production, ~45%
of the marine primary production and ~90% of biogenic silica production (Yool and
Tyrrell, 2003; Canfield et al., 2005), due to their “boom and bust” ecological strategy

printed on 2/10/2023 8:05 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

152 — 5 Several aspects of silicon isotope applications

and probably their utilization of silicon. They are the main drivers of marine silicon
cycle (Tréguer and de La Rocha, 2013), taking up DSi from the surface water within the
euphotic zone, forming their opaline cell walls (frustules), transporting Si in the form
of biogenic silica (opal) to the ocean’s interior, and returning to DSi while being dis-
solved, or leaving the ocean as being buried in marine sediment. The biogeochemical
flux of Si derived from diatom production is greater than the sum of any other input by
at least an order of magnitudes, causing extensive silica unsaturation in the modern
ocean. The near-exhausted DSi inventory is largely balanced by the dissolution of bio-
genic opal occurring at all depth from the surface mixed layer to the deep ocean and
sediment-water interface, with most of the gross production recycled within the water
column. The rest of the small portion of biogenic silica is preserved in marine sed-
iments. The net export of biogenic silica are compensated mainly by river input and
other input sources such as Aeolian dust, groundwater inputs, hydrothermal fluid and
seafloor weathering (Tréguer and de La Rocha, 2013; Poitrasson, 2017).

5.1.2.1 Present-day input of DSi to the global ocean

Summary of continental input sources

As discussed in the Section 5.1.1 and listed in Table 5.1, the continental input fluxes,
i.e., river DSi, river SPM, groundwater, Aeolian dust and related buffering effect of con-
tinental biogenic silica are in total 8.7 x 10'? mol Si yr~!, making up about 90% of the
gross silicon input to the ocean. Among these input sources, the river DSi input (5.7 x
10% mol Si yr!) accounts for ~60%. An important feature of these processes is that
the continental Si inputs are essentially unidirectional fluxes (Frings et al., 2016).

Non-continental input sources

Besides the continental sources, there are two rather minor but not least important
non-continental or marine sourced DSi inputs, the marine hydrothermal processes
and seafloor (basalt) weathering. Although they are probably less important than the
riverine input and biogeochemical processes in modern context, they have the poten-
tial to affect local Si budget and isotopic composition in the ocean. More importantly,
their magnitude and significance were much greater in the Earth’s early history and
they were the key component of the silicon cycle in the Archean and Proterozoic ocean
(e.g., Ding et al., 2017; see Section 5.2). These two input sources involve water—rock re-
actions occurring at both high (>300°C) and low temperatures (<80°C). The definitions
of fluids sourced from these two processes are somehow ambiguous. Here, we retain
the identification of these two sources by the original literatures.

Magnitude and 33°Si of DSi flux from marine hydrothermal processes
The marine hydrothermal process was once much more extensive than the present in
the geological past when massive banded iron formations (BIFs) with iron-rich layers
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and alternate silicon-rich layers deposited. The hydrothermal inputs were divided into
two types: the axis hydrothermal systems with high temperature (>300°C), mobilizing
silicon from the silicate melt, and the off-axis ridge flank systems where temperature is
lower (<80°C) and clay minerals precipitate from the fluids (Tréguer and de La Rocha,
2013).

The estimate of DSi input from marine hydrothermal processes was initially made
by the Ge/Si ratio method, which yielded a hydrothermal Si flux of (0.2 + 0.1) x 10%
mol Si yr! (Mortlock et al., 1993; Tréguer et al., 1995). However, this method under-
estimated the Si flux because it overlooked the non-opaline germanium sinks in the
ocean and was biased from estimates derived from heat budget based water fluxes of
0.43~0.66 x 10> mol Si yr~! and 0.65 x 10'> mol Si yr~! (for axial only; Elderfield and
Schultz, 1996; Wheat and McManus, 2005), although the latter ones themselves were
also complicated by uncertainties of the average temperature of water flux off the axis
of the mid-ocean ridges. The difficulties in constraining the off-axis water flux resulted
in large errors in the estimation of off-axis DSi component. For example, Wheat and
McManus (2005) concluded such flux alone could be as large as 10% of the total Si
influx to the ocean (0.85 x 10! mol Si yr!), while another study suggested values at
least an order of magnitude lower (Tréguer and de La Rocha, 2013). Tréguer and de La
Rocha (2013) reestimate the hydrothermal input and reported (0.6 + 0.4) x 10'2 mol Si
yr! for the axis plus ridge flank hydrothermal systems. This relatively new estimate
included results from Ge/Si ratio corrected for non-opaline Ge sink and Ge isotope
budget and we suggest this value as the best estimation of total hydrothermal input.

The study on the silicon isotopic composition of hydrothermal input is scarce. Cur-
rently, our knowledge of the 6°°Si of hydrothermal fluids comes from a single study.
De La Rocha et al. (2000) reported the §3°Si of two high temperature (255~355°C) hy-
drothermal fluid samples from the East Pacific Rise, both collected by the deep sub-
mergence vehicle Alvin (De La Rocha et al., 2000). The 6°°Si of sample with higher tem-
perature and DSi is —0.4%o0 and the other is —0.2%o0, similar to the average of basaltic
rocks (-0.3%o; see Chapter 4), consistent with the silicate melt origin of hydrothermal
DSi and little isotopic fractionation accompanied at high temperature. Meanwhile,
these §°0Si values are higher than those of the hydrothermal vents (—1.5%o; see Chap-
ter 4) by 1.2%o, consistent with the relatively large kinetic isotopic fractionation dur-
ing precipitation. Although such small sample capacity excludes the possibility of any
statistics, the results also suggest that the one with higher temperature, higher DSiand
lower 6°°Si represent a sample that is closer to the primitive fluid composition.

Magnitude and 33°Si of DSi flux from seafloor weathering

Seafloor weathering is the alteration or dissolution of mainly basalt in the oceanic
crust or other terrigenous silicate-bearing sediments. It is a potential cause for the
evolution of seawater elemental and isotopic compositions (e.g., Jaffres et al., 2007;
Coggon et al., 2010; Grozeva et al., 2017). An early study by Tréguer et al. (1995) es-
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timated that the annual silica flux through basalt weathering alone is (0.4 + 0.3) x
10" mol Si yr!. A more recent review by Tréguer and de La Rocha (2013), after taking
account for the dissolution of basalt and other terrigenous materials such as shale,
clay and sand, updated the number into (1.9 + 0.7) x 10'2 mol Si yr~!, which is gen-
erally in agreement with the seafloor weathering flux calculated from the opal-poor
regions using area extrapolation (Tréguer et al., 1995). However, as can be seen from
the uncertainty given by those literatures, the flux of seafloor weathering still remains
poorly constrained. After considering values estimated from various studies and re-
views (Tréguer et al., 1995; Canfield et al., 2005; Tréguer and de La Rocha, 2013; Frings
et al., 2016; Poitrasson, 2017), the input silica flux of the early version 0.4 x 102 mol
Siyr!is suggested.

The isotopic composition of silica flux from seafloor weathering is also poorly
understood. The §°°Si of basalt is on average —0.3%o (see Chapter 4). On one hand,
there is little silicon isotopic fractionation during most dissolution processes of min-
erals. On the other hand, the precipitation of secondary aluminosilicates occurred in
altered seafloor basalts suggests that during the alteration there is probably associ-
ated isotopic fractionation (Frings et al., 2016). We here take the provisional estimate
from Frings et al. (2016). As in their review, Frings et al. (2016) pointed out straight-
forward that the DSi fluxes derived from basalt in the oceanic crust are probably the
most poorly understood among all rings in the chain of the global silicon cycle. More
work needs to be done to precisely constrain the flux and isotopic composition of this
input source.

5.1.2.2 Present-day output of BSi from the global ocean

Biogeochemical processes are the major components of marine silicon cycles (Tréguer
and de La Rocha, 2013). The production of biogenic silica (BSi) with diatom and other
origins and its transport, dissolution and recycling in the water column largely con-
trol the distribution of DSi, §°°Si of seawater and the Si cycle of the ocean. Moreover,
the BSi preserved in marine sediment provides important evidence for the Si cycle in
the geological past. In the modern context, the most important output flux of silicon
is the permanent burial of biogenic silica produced by diatoms. Contribution from ra-
diolarians and silicoflagellates are likely much less, while siliceous sponge may act
as a significant silica sink. Abiotic chemical precipitation is negligible in the modern
ocean. However, as similar as the hydrothermal process and seafloor weathering, it is
of great importance in the Precambrian ocean. Here, we will discuss the production
and burial of diatom BSi and the biogeochemistry of siliceous sponge.

BSi production by diatoms

Magnitude of diatom BSi flux

Among all silica producers, diatoms are the most important organisms which con-
tribute ~45% of the total oceanic primary production and over 90% of biogenic silica

printed on 2/10/2023 8:05 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

5.1 Studies on global silicon cycle = 155

production (Yool and Tyrrell, 2003; Canfield et al., 2005). According to an early estima-
tion, the gross production of biogenic silica in the ocean is (240 + 40) x 1012 mol Siyr~,
or 200~280 x 10" mol Si yr!, with the upper limit determined using global oceanic
primary production, relative contribution of diatoms and a mean Si/C ratio, and the
lower limit using a multi-compartment model (PANDORA) of nutrient, biological ex-
port of BSi and observed mean dissolution-to-production ratio of biogenic silica in
the upper ocean (Nelson et al., 1995). Tréguer and de La Rocha (2013) recalculated
biogenic silica production from coastal zones, open ocean and the Southern Ocean.
In total, they found the sum of the oceanic BSi production obtained from the above
three types of regions was totally 239 x 10'2 mol Si yr! (136 x 10> mol Si yr!, 23 x
10" mol Si yr~! and 80 x 10" mol Si yr! for coastal zones, open ocean and Southern
Ocean, respectively), almost identical to the early estimation. We therefore take 240 x
10" mol Si yr! as the value of global BSi production.

Isotopic fractionation related to diatom production

The results from studies on silicon isotopic composition of diatoms have been pre-
sented in Chapter 4 of this book. In general, the 6°°Si of marine diatoms ranges from
—0.7%o0 to +3.1%o0 with an average of +1.0%o0. Compared to the 6°0Si of DSi in seawater
where the diatoms grow, i.e., the upper 50 m or 100 m of water column, the 5%0Si of
diatoms is lower by ~1.1%o (Figure 5.5), which means that diatoms preferentially take
up lighter silicon isotopes while they form their frustules. This simple, global statistic-

Figure 5.5: Comparison of diatom and surface seawater (upper 100 m) 5°°Si. See Figure 4.37 and
Figure 4.41 for references.
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based A**Sig;uom_sw = —1.1%o is identical to the results from the first silicon isotope
study on diatoms cultured in laboratory by De La Rocha et al. (1997), and is within the
range of some later culture experiments (—1.2 ~ —0.7%o and —1.5%o; Sutton et al., 2013;
Sun et al., 2014). Several field study at natural condition in the iron-depleted Southern
Ocean suggest similar fractionation factors such as —0.9%o (A% Sigjaom_sw = —0-45%0)
(Cardinal et al., 2005), —1.2%o (Fripiat et al., 2011a) and —0.8 ~ —2.1%. (Cardinal et al.,
2007). It is also close to the values determined during the U. S. Southern Ocean Iron
Fertilization Experiment (SOFeX) (-1.9 ~ —1.1%o0; Varela et al., 2004) and the European
Iron Fertilization EXperiment (EIFEX) (-1.36%o0; Cavagna et al., 2011) with Fe supplied
artificially to the Southern Ocean, which changed the normal condition of Fe limita-
tion over primary productivity in the region. Data from other regions also support the
A Sigiatom_sw Of —1.1%o (e.g., Beucher et al., 2008). According to the literature data
shown above, the relatively consistent fractionation factors suggest that the diatom
6°°Si can be used as a proxy for silicic acid utilization in paleoceanographic studies.

Factors affect the diatom 33°Si

There are other diatom-related factors that may affect the interpretation of diatom
6°°Si: the species-specific fractionation and the size effect. In an early study, De La
Rocha et al. (2000) analyzed two species from genus Thalassiosira and one from genus
Skeletonema and obtained almost identical fractionation factors for three species. Sun
et al. (2014) also reported A%*Sig,om_sw value for two species from these two genus
which show larger BSi—-DSi fractionation (-1.5%o) than the early study. Sutton et al.
(2013) reported A*°Sig;iom_sw fOT various species from genus Thalassiosira, Porosira,
Fragilariopsis and Chaetoceros, and suggest slightly different values for five species
from Thalassiosira and Porosira (from —0.72%o to —1.21%o0) that are in general agree-
ment to those proposed by De La Rocha et al. (2000), but also showed smaller nega-
tive A%°Sig;om-sw value for Fragilariopsis kerguelensis (—0.54%o) and larger negative
A3°Sigiarom-sw Value for Chaetoceros brevis (-2.09%o). Besides, Doering et al. (2016)
reported large and variable (0.2~1.0%o) discrepancies between 6°°Si of mixed species
and large handpicked mono-generic Coscinodiscus at different sites in a Peruvian
upwelling region, while the coretop and downcore variations of A%°Si¢yscino.psi May
attribute to the changes in strength of upwelling and different nutrient utilization
strategy. In summary, the A>°Siy;,.,m_sw value for genus Thalassiosira, Skeletonema,
Porosira are in agreement with each other.

The size fraction of diatoms could have potential influence on its §°Si. Cardinal
et al. (2007) investigated modern diatoms in the Southern Ocean with size fractions
>0.4 pm (bulk), 20~70 pm and >70 pm, and found no systematic difference between
these three fractions. Similarly, Maier et al. (2013) cannot find distinguishable offset
between size fractions 10~20 um and >63 pm. However, Egan et al. (2012) found evi-
dence in the coretops from the Southern Ocean that size fraction 2~20 pm is the most
representative fraction for diatoms, while <2 pm might be contaminated by clay min-
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erals and size fraction >50 pm might be with the presence of radiolarian or clastic ma-
terials (Egan et al., 2012). Therefore, Egan et al. (2012) suggested size fraction 2~20 um
to be the “correct” fraction, and indeed they found the best 6°9Si-DSi correlation from
this fraction.

Although affected by the species-specific fractionation and size effect, clear corre-
lation between silicon isotopic compositions of diatoms and silicic acid utilization are
recorded by the literature cited above (see also Figure 4.42). If proper species and size
fraction were chosen, the 6°°Si of diatoms is a reliable proxy for silicic acid utiliza-
tion, which can be further interpreted as changes in the global silicon cycle, such as
changes in silicic acid utilization, or silicon isotopic composition of seawater resulted
from, e.g., physical circulation and continental input.

Impact of BSi production on the 33°Si of seawater

The seawater 6°°Si is a good tracer for marine silicon cycle. As summarized in Chap-
ter 4, the 6°°Si of seawater range from 0.5%so to 4.4%o with an average of 1.6%o. Gener-
ally, the biological pump causes Si depleted in surface water and enriched in deep wa-
ter over all ocean basins, as similar as nitrate, phosphate and other nutrient elements.
Diatoms preferentially incorporate lighter 22Si rather than heavy isotopes during their
silicification process, and leaving the residue, i.e., the seawater of euphotic zone, with
enriched heavy isotopes. Therefore, the overall §°°Si of surface water where the Si re-
moval occurred is elevated by the diatom utilization, with 6°0Si values vary from ~1%o
to ~3%o. Although about half of the gross biogenic silica suffers dissolution within the
surface mixed layer whilst there is a slight but measurable isotopic fractionation that
may lower the §°°Si of dissolved Si inventory during the opal dissolution (Demarest
et al., 2009; Wetzel et al., 2014; see below), the strong utilization signal in the sur-
face water cannot be easily overridden. The general vertical distribution of seawater
6°°Si is shown in Table 5.3. In surface water (e.g., the upper 50 m), the §°°Si is higher

Table 5.3: General vertical distribution of seawater 6>°Si in the modern ocean. See Figure 4.39 for
references.

Depth interval (m) Averaged 33°Si (%0) n

<10 2.1 119
10~20 2.1 18
20~50 2.1 53
50~100 1.9 118
100~200 1.7 127
200~1000 1.5 299
1000~2000 1.3 123
2000~3 000 1.3 95
3000~4000 1.2 57
4000~5000 1.3 27
>5000 1.2 3
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than that of the deep water (>1 000 m) by almost 1%so. It is also noteworthy that low
6%°Si values found at surface water (<2%o) are mainly from the Southern Ocean and
the North Pacific which are known as HNLC regions, consistent with the relatively low
primary productivity, and hence the weak Si utilization in these regions. In the ocean’s
interior, however, there is no diatom production, and the deep water §°°Si (with an av-
erage of ~1.3%o) is dominated by the recycling of biogenic silica, causing lower §°°Si
in deep water than the surface water. In addition, isotopically light, non-continental
input sources such as hydrothermal process and seafloor weathering also help lower-
ing the 6°°Si of deep water in some regions.

Burial of diatom BSi

Tréguer and de La Rocha (2013) estimated that the net accumulation of exported BSi
in the sediment is only 6.3 x 10> mol Si yr! out of 240 x 10" mol Si yr!, with 3.3
x 10' mol Si yr!, <1.04 x 10" mol Si yr! and >2.0 x 10'2 mol Si yr! contribution
from coastal zone, deep open ocean and the Southern Ocean, respectively. This revised
new estimate is very close to the previous version of 6.1 x 10'2 mol Si yr~! (Tréguer et
al., 1995). In Figure 5.1 assuming the marine silicon cycle at steady state, we retain
the previous estimate. Overall, only 2.5% of the gross biogenic silica production are
eventually buried and preserved in the sediment, while the major fraction (97.5%) is
recycled within the water column.

Sponge as BSi output and DSi proxy

As a sink of marine dissolved silica, the role of siliceous sponge in marine silicon cy-
cle has long been overlooked (e.g., Tréguer et al., 1995; Canfield et al., 2005). It is after
several previously unrecognized or misrecognized input sources (such as groundwa-
ter and revised river inputs) being included into the calculation of gross silicon in-
puts that we have realized the imbalance might be attributed to the underestimated
sponge utilization. Tréguer and de La Rocha (2013) estimated using published data
that the gross Si uptake and DSi release from sponge are (3.7 + 3.6) x 10! mol Si yr!
and (0.15 + 0.15) x 10'2 mol Si yr!, respectively. Therefore, the net biogenic silica ex-
port of siliceous sponge is (3.6 + 3.7) x 102 mol Si yr..

Sponges are among materials with most negative silicon isotopic composition
(Douthitt, 1982). Unlike diatoms with relatively constant fractionation factor, the
ASi 00 sw Vvary dramatically with the DSi concentration (Hendry et al., 2010;
Wille et al., 2010; Hendry and Robinson, 2012), with smaller negative A%°Sig,om_sw
value higher than —1%o at very low silicic acid concentration (<5 pM) and larger neg-
ative A3°Sig;,om-sw value lower than —-5%o at high concentration (>100 pM), which
means that the silicon isotopes in sponges do not follow the Rayleigh fractionation
(Hendry et al., 2010). Samples of living sponge and coretop spicules from different
ocean basins confirmed a consistent relationship between sponge A*°Si and silicate
concentration (see Figure 4.43), demonstrating that the §>°Si of sponges can be used
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as a proxy for silicic acid concentrations in the past ocean (Ellwood et al., 2010). Their
benthic habitation further extend the application of sponge §°°Si to the study of sili-
con cycle at any water depth (De La Rocha, 2003), rather than only surface water as
for diatoms.

Turnover rate of oceanic DSi

Considering the size of the global oceanic DSi pool of ~97 000 x 10'2 mol Si (Tréguer
and de La Rocha, 2013) and the net export rate (or burial rate) of biogenic silica from
diatoms and sponges [(6.1 + 3.6) x 10'? mol Si yr~!], we can calculate the residence
time or removal time (7) for silicon in the ocean based on burial (r5) by working out
their quotient, i.e., ~10 000 yr. We can also calculate the biological production based
7 (1p) by taking the gross biological production [(240 + 3.6) x 10'2 mol Si yr!] as de-
nominator and get ~400 yr, which is ~25 times faster than the overall residence time.
This means that silicon is recycled in the water column by 25 times on average before
finally buried in the sediment while survived the dissolution at seawater—sediment
interface and quit the marine silicon cycle. This number is lower than the 40 times
estimated by Canfield et al. (2005) because the sponge output is ignored, which affect
Tp significantly while have almost no influence on 7p.

5.1.2.3 The internal Si cycle of the ocean

As mentioned above, silicon in the ocean passes through many cycles of biological
uptake and dissolution before being removed from the water column. The massive
production or recycling fluxes are much greater than the sum of the input sources
and output sinks by more than 20 times. This means that regarding only the flux, the
internal Si cycle in the ocean is apparently the most important processes controlling
the marine Si cycle compared to the input and output.

Dissolution and recycling of BSi

Magnitude of BSi dissolution and recycling

Because silica is severely unsaturated in the modern ocean, the biogenic silica pro-
duced by diatoms suffers from intense dissolution and is recycled at all depth, from the
photic zone down to the seafloor. Tréguer and de La Rocha (2013) compiled silica dis-
solution to silica production ratio (D:P) of global ocean. They calculated production-
weighted mean D:P of photic zone at 135 sites distributed in coastal zone, open ocean
and the Southern Ocean and obtained a global mean annual D:P of 0.56, which means
that ~56%, or 135 x 10'> mol Si yr~! out of 240 x 10’2 mol Si yr! is dissolved within the
upper ~100 m of water column. The rest 44% (105 x 10'? mol Si yr!) is exported to the
ocean’s interior, although it does not mean this portion will be buried in the sediment
nor will reach the seawater—sediment interface. Considering the flux of net buried BSi
of 6.1 x 10'> mol Si yr!, 98.9 x 10'2 mol Si yr! out of 105 x 10! mol Si yr! of BSi
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exported from the photic zone is dissolved in deep ocean and/or seawater—sediment
interface.

Isotopic fractionation related to BSi dissolution

The silicon isotopic fractionation during biogenic silica dissolution has been studied
by several groups. Demarest et al. (2009) first report that there was an isotopic frac-
tionation during diatom dissolution with a A%°Sipg;_pg; = —0.55%o0, which means pref-
erential release of isotopically light silicon during dissolution. Sun et al. (2014) found
even larger dissolution fractionation of —0.85%0 at early stage of dissolution, but con-
cluded that this effect was observed only in DSi and no significant Si isotope change
was observed for BSi, demonstrating that the amount of dissolution is very limited.
This is also supported by a field study by Egan et al. (2012). Wetzel et al. (2014) also
confirmed a little fractionation by dissolution experiment. In summary, although this
fractionation is measureable, the §°°Si of diatom appears to be robust against disso-
lution.

Physical controls on the marine Si cycle and Si isotopes in the deep ocean

The silicon isotopic composition of diatoms has been interpreted as a proxy for sili-
cic acid utilization. However, paleoceanographic studies in recent two decades have
observed in marine sediments that glacial-interglacial changes of §°°Si in hiogenic
opal can be as large as ~1.0%o or even greater (De La Rocha et al., 1998; Brzezinski
et al., 2002; Beucher et al., 2007; Horn et al., 2011; Robinson et al., 2014). Similar
but slightly smaller fluctuations (0.5~0.8%0) can also be found in sub-orbital (mil-
lennial) scale climate records such as Younger Dryas and Heinrich events (Pichevin
et al., 2012; Maier et al., 2015). Considering the fractionation between diatom and
seawater (A%*°Sigi,om_sw = —1.1%o), these records mean that a change in Si utiliza-
tion from almost no usage to almost complete usage can barely cover such range if
the diatom records are interpreted as fraction of utilized Si alone. Therefore, it is very
likely that processes other than biological utilization may also influence the diatom
8°°Si record. Since the A*°Sijpom_sw Of diatom is relatively constant, the glacial-
interglacial changes in diatom 6°°Si may be addressed to changes in §°°Si of seawater,
which may be further interpreted as changes in continental inputs or in ocean circu-
lation regime. The former hypothesis has been discussed in Section 5.1.1 and we will
discuss the latter one below using 6°°Si of deep water from various ocean basins (see
Figure 5.6 for the distribution of stations and sections).

Horizontal distribution of 33°Si in a global deep ocean (~2 000 m)

In the modern ocean, the influence of circulation on oceanic silicon cycle can be well
illustrated by the silicon isotopic composition of deep water (Figure 5.7). From an inter-
basin view, the §°°Si of deep ocean exhibit large gradient along the route of the merid-
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Figure 5.6: Station map of compiled seawater 3°°Si (data from De La Rocha et al., 2000; Cardinal
et al., 2005; Reynolds et al., 2006b; Beucher et al., 2008, 2011; De La Rocha et al., 2011; Fripiat et
al., 2011a,b; Cao et al., 2012; de Souza et al., 2012a,b; Ehlert et al., 2012; Grasse et al., 2013; Singh
et al., 2015). Sections defined are shown in red frames. S1: North-South Atlantic Ocean; S2: Indian
sector of Southern Ocean; S3: North-South Pacific Ocean.
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Figure 5.7: Global deep water 3°°Si distribution at 2000 m. Data are from stations in Figure 5.6, and
image is produced using DIVA gridding by Ocean Data View software.

ional overturning circulation (MOC) or the deep ocean conveyor belt (De La Rocha et
al., 2000; de Souza et al., 2014). In the North Atlantic where there is strong deep water
formation (i.e., the sinking of surface water due to loss of buoyancy), the 6°Si of deep
water (~2000 m) is highest in the global deep ocean, ranging from +1.5~+1.8%o (Fig-
ure 5.7; Figure 5.8A and B). The Southern Ocean bears a lower deep §°°Si signal around
1.0~1.2%o0, and the large meridional gradient (>0.6%o) in the Northern-Southern At-
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Figure 5.8: DSi (Silicate) concentration and 43°Si of sections defined in Figure 5.6. A and B: S1; C and
D: S2; E and F: S3. DSi data are from World Ocean Atlas 2009 (Garcia et al., 2009), and 3°°Si data are
from stations in Figure 5.6. Images are produced using DIVA gridding by Ocean Data View software.
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lantic Ocean (de Souza et al., 2012b) can be explained by the end-member mixing
of the deep North Atlantic and the Southern Ocean. There are no significant zonal
changes within the Southern Ocean probably due to strong mixing (Figure 5.7; Fig-
ure 5.8C and D), although a relatively small gradient is observed across the fronts near
the sub-Antarctic region (Cardinal et al., 2005). From the Pacific sector of the South-
ern Ocean to the North Pacific which is the “end” of the MOC, the deep water §°°Si
decrease from ~1.2%o to the global minimum ~0.5%o (Figure 5.7; Figure 5.8E and F).
An abnormally low value (0.6%0; De La Rocha et al., 2000) is observed near the Hawai-
ian Islands in the Central Pacific, where the region is characterized by hydrothermal
basalt alteration (Santelli et al., 2008).

Circulation control and implications for marine Si cycle in glacial climate

As a nutrient element, the conservative behavior of silicon inferred from silicon iso-
tope composition of deep water (Figures 5.7 and 5.8) is not expected. Since the first
measurement of seawater 6°°Si (De La Rocha et al., 2000), the physical control on deep
sea 63°Si has been noted by various studies (e.g., Fripiat et al., 2011b; de Souza et al.,
2012b). To further understand the controls on the deep §°°Si, de Souza et al. (2014) ap-
plied the Modular Ocean Model 3.0 to estimate the relative contribution of preformed
Siand regenerated Si (de Souza et al., 2014). The preformed Si is the Si and 6°°Si signal
“generated” in the winter mixed layer and transported to the ocean’s interior through
deep water formation, and thus is conservative and controlled by physical circulation
without biological cycling; while the regenerated Si is added to the deep ocean by opal
dissolution, and is non-conservative. Model data showed that the preformed §°°Si in
the deep Atlantic Ocean is originated from the water mass mixing of North Atlantic
Deep Water (NADW) and Antarctic Bottom Water (AABW). The former water mass is
characterized by very high 6°°Si due to the sinking of Si-depleted surface water at the
deep water formation site (as can be seen from Figure 5.8A and B), while the latter one
by the HNLC characteristic and weak Si utilization (Figure 5.8C and D) due to iron limi-
tation. Somewhat surprising, the regenerated component, however, is also controlled
by circulation according to the model studies, because a dominant fraction of regen-
erated Si in regions north of 50°S is sourced from the northward spreading of deep
water in the Southern Ocean by deep ocean circulation (de Souza et al., 2014; Holzer
and Brzezinski, 2015).

These features are essential to interpret the glacial-interglacial variation of 6>°Si
in marine sedimentary records, because the changes in the circulation regime dur-
ing the glacial stage or deglaciation, e.g., the formation of Glacial North Atlantic In-
termediate Water (GNAIW, shallower version of NADW during the glacial stage), the
equatorward spreading of excess Si from the Southern Ocean by relatively shallow
Subantarctic Mode Water (SAMW) and Antarctic Intermediate Water (AAIW), changes
in stratification and related changes in surface nutrient supply from deep water, may
be largely different (e.g., Brzezinski et al., 2002; Matsumoto et al., 2002; Meckler et
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al., 2013; Robinson et al., 2014; Rousseau et al., 2016). These changes in physical cir-
culation, especially the activities of NADW, AABW, SAMW and AAIW, together with
enhanced Fe input in the Southern Ocean, could influence the content and distribu-
tion of the Si supply to the surface ocean, the physiology, ecology and biogeography of
diatom and non-diatom phytoplankton (e.g., Brzezinski et al., 2002; Matsumoto et al.,
2002), and hence the biogenic silica production with an extent from the southern high
latitude to the equatorial regions (Griffiths et al., 2013; Hendry et al., 2016). Therefore,
besides the biogeochemical cycle, ocean circulation is an alternative process that in-
fluences the silicon concentration, silicon isotopic composition and silicon cycle in
the ocean.

5.2 Silicon isotope studies on environmental variation of ocean

The secular evolutions of the chemical and isotopic compositions and environmental
conditions of the ocean are important issues in geological and geochemical studies.
These issues are closely related to investigations of the development and evolution
of lithosphere, atmosphere and biosphere of the Earth and attract the attention of re-
searchers in various geochemical fields. Naturally, the secular evolution of the content
and isotope composition of silicon dissolved in ocean water and their implications in
the environmental variation of the ocean have become important topics since the be-
ginning of the silicon isotope studies. Basically, the silicon isotope compositions of
ancient seawater are speculated from the silicon isotope data of contemporaneous
chert rocks.

As mentioned in Chapter 4, chert is a sedimentary rock composed mainly of micro-
crystalline quartz, which occurs in sedimentary strata from the early Archean to the
present. Extensive investigations have been carried out on its chemical and isotopic
characteristics to study its forming conditions and to trace the environmental varia-
tion in the global ocean (Song and Ding, 1990; Ding et al., 1996; Robert and Chaussi-
don, 2006; André et al., 2006; van den Boorn et al., 2007, 2010; Abraham et al., 2011;
Marin-Carbonne et al., 2012, 2014; Chakrabarti et al., 2012; Geilert et al., 2014a,b; Stefu-
rak et al., 2015; Steinhoefel et al., 2009, 2010; Oelze et al., 2015; Roerdink et al., 2015;
Tatzel et al., 2015). Song and Ding (1990) suggested distinguishing sedimentary fa-
cies of chert with silicon isotope compositions. Ding et al. (1996) discussed variations
in the silicon content and silicon isotope composition in marine water according to
the data from chert formed in shallow marine environments. According to the silicon
isotope variation of chert, Robert and Chaussidon (2006) developed a temperature-
evolution curve for the Precambrian ocean. It has been suggested that Precambrian
cherts have much higher §°°Si values than Phanerozoic cherts and that the former
show a generally increasing trend from 3.5 Ga to 0.85 Ga, thus reflecting a decrease
in seawater temperature (Robert and Chaussidon, 2006). However, these statements
have been challenged because cherts can have various origins and their isotopic com-
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positions might have been reset by metamorphic fluid circulation (André et al., 2006;
van den Boorn et al., 2007, 2010; Abraham et al., 2011; Marin-Carbonne et al., 2012,
2014). Thus, different types of cherts need to be considered separately (André et al.,
2006; Marin-Carbonne et al., 2014; Chakrabarti et al., 2012; Geilert et al., 2014a; Stefu-
rak et al., 2015) because their isotope composition might record various distinct pro-
cesses (Steinhoefel et al., 2009, 2010; Geilert et al., 2014b; Oelze et al., 2015; Roerdink
et al., 2015; Tatzel et al., 2015). In addition, the factors that affect silicon isotope com-
position of chert have been investigated in detail (Steinhoefel et al., 2009, 2010; Geilert
et al., 2014b; Oelze et al., 2015; Roerdink et al., 2015; Tatzel et al., 2015). It was found
that peritidal cherts are enriched in 3°Si, while basinal cherts, which are associated
with banded iron formations (BIFs), are depleted in 3°Si. This difference is attributed
to the changes in Si sources, as the major Si source for the peritidal cherts is the dis-
solved silica in the seawater while the major Si sources for BIFs is the hydrothermal
fluids (Chakrabarti et al., 2012). Now, it is widely accepted that the formation of chert
is a complicated process and that the Si isotope composition of chert is dependent
on the relative contributions of various Si sources and the effects of different forming
processes. It is known that the relative contributions of the various Si sources to the
global ocean vary throughout geological history. Thus, specific types of chert might
be representative for reconstructing the Si isotope composition of the ocean for dif-
ferent geological periods. For example, during the Archean period, sea-floor weath-
ering and submarine hydrothermal fluids dominated the Si input to the ocean, and
continent inputs were negligible; thus, the Si isotope compositions of chert in BIFs
are likely the best approach for tracing the Si isotope compositions of the ocean. In
contrast, in the Proterozoic and Phanerozoic periods, the Si input from the continent
to the ocean became dominant, and the Si input from sea-floor weathering and sub-
marine hydrothermal fluids became less prevalent; thus, peritidal chert may be more
significant in tracing the Si isotope composition of the ocean.

5.2.1 Silicon content and silicon isotope composition of Archean ocean water and
their implications to environmental variation

Silicon isotope compositions of cherts are an attractive tool for exploring the proper-
ties of Earth’s ancient oceans (André et al., 2006). The silicon isotope compositions
of seawater in the Archean ocean were basically speculated from the data of Archean
chert. The chert rocks in Archean strata are divided into two genetic types, i.e., the
C-chert (chemical precipitation of SiO,) and S-chert (formed through silicification of
precursor sediments or rocks). The schematic models of these two types of chert rocks
are illustrated in Figure 5.9.

The chert rocks in BIFs are dominantly consistent of C-chert. The BIFs occur
widely in Archean and Proterozoic strata all over the world and comprise an impor-
tant iron ore resource in the world. The total amount of siliceous beds in BIFs is much
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Figure 5.9: Schematic model of chert formation in the early Archean. S-chert was formed through
silicification of precursory material by silica-saturated seawater in areas of active volcano-clastic
sedimentation, which had relatively weak or no hydrothermal input. C-chert was formed through
interaction between Si-rich fluids and seawater in sediment-starved environments. After van den
Boorn et al. (2007).

larger than the total amount of siliceous beds during the Phanerozoic Eon. Based on
the silicon isotopic data of chert bands in an Archean BIFs from the Gongchangling
iron ore deposits, Liaoning, China, Jiang et al. (1993) provided the first estimation
on silicon isotope compositions of seawater in the Archean ocean (Jiang et al., 1993).
Then the silicon isotope compositions of the ocean water and the kinetic silicon iso-
topic fractionation factor between dissolved silicon and precipitated SiO, during BIF
formation in Archean seawater were summarized by Ding et al. (1996). It was found
that the granite and schist above and below the BIF have §3°Si values from —0.6%o
to 0.2%o, consistent with those of granite and mafic volcanic rocks (Jiang et al., 1993;
Ding et al., 1996). Thus, the dissolved silicon obtained by reaction between those rocks
and seawater should have 6°°Si values of about —0.2%o. Besides, the quartz in the BIF
has 6°°Si values ranging from —0.8%o to —2.2%o, averaging —1.5%o, which is 1.3%o
lower than the 6°°Si value of contemporaneous oceanic water. The difference between
quartz and seawater is consistent with the kinetic silicon isotopic fractionation factor
between dissolved silicon and precipitated SiO, at Earth surface temperature, indi-
cating that only a very small part of the silicon in the oceanic water was precipitated.
The same phenomenon can be seen in similar rocks from northern Hebei, China, and
Canada.

Since then, a number of investigations has been undertaken to trace the silicon
content and silicon isotope composition of Archean ocean water and their implica-
tions to environmental variation (Robert and Chaussidon, 2006; van den Boorn et al.,
2007, 2010; Steinhoefel et al., 2009; Heck et al., 2011; Marin-Carbonne et al., 2012,
2014; Geilert et al., 2014b; Zheng et al., 2016; Reddy et al., 2016).
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Secular variations in the silicon isotope record of Precambrian cherts have been
interpreted to indicate long-term ocean cooling (Robert and Chaussidon, 2006),
whereas an alternative interpretation attributed this diversity to changing prove-
nance of the silicon rather than seawater temperature (van den Boorn et al., 2007).
Subsequent studies of various Precambrian cherts have provided growing evidence
for the importance of provenance in creating isotope variability, and/or other subor-
dinate controls (Steinhoefel et al., 2009; van den Boorn et al., 2010; Heck et al., 2011;
Chakrabarti et al., 2012; Marin-Carbonne et al., 2012).

van den Boorn et al. (2010) investigated Si isotope systematics, in conjunction
with geochemical and mineralogical data, in three well-characterized and approx-
imately contemporaneous, ~3.5 Ga chert units from the Pilbara greenstone terrane
(Western Australia; Figure 5.10). The Marble Bar Chert (~3.46 Ga) is composed dom-
inantly by C-cherts. The Kitty’s Gap Chert (~3.45 Ga) contains mainly S chert formed
through replacement of volcanogenic sediments. The North Pole chert-barite unit
(~3.49 Ga) is intermediate between above two end-member settings, and provides
evidence for both mechanisms of chert formation (van den Boorn et al., 2007).
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Figure 5.10: Simplified geological map (modified after Krapez and Eisenlohr, 1998) of the Pilbara
terrane (North-western Australia). Sample locations are indicated with numbers: 1) North Pole; 2)
Marble Bar; 3) Kitty’s Gap.

It was found that the Si isotope compositions of chert rocks in these units vary in
a large range from —2.4%o to +1.3%0, which was induced by near-surface processes
(Figure 5.11). Cherts that formed by chemical precipitation of silica show the largest
6%°Si spread from —2.4%o to +0.6%o. Their silicon isotope systematics are explained
by 1) mixing between hydrothermal fluids and seawater, and/or 2) fractionation of hy-
drothermal fluids by subsurface losses of silica due to conductive cooling (Figure 5.12).
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Figure 5.11: Silicon isotope variation in Early Archaean cherts from Marble Bar, North Pole and
Kitty’s Gap. Samples are indicated by codes and are separated by dotted lines. Squares: strati-

form C-cherts; diamonds: stratiform S-cherts; triangles: dike cherts. Light and dark grey shades and
hatched area indicate approximate ranges of white(/grey/pink), black(/brown) and red stratiform
C-cherts in the Marble Bar Chert, respectively. After van den Boorn et al. (2010).
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Figure 5.12: A plot showing relation between Al,0; content and 63°Si of chert samples. S-chert sam-
ples fall within the blue band that defines mixing between mafic or felsic volcanogenic sediments
and seawater. Orange 3°°Si array represents mixing between hydrothermal fluids and seawater, or
evolution of cooling hydrothermal fluids. After van den Boorn et al. (2010).

Rayleigh-type fractionation of hydrothermal fluids was largely controlled by temper-
ature differences between these fluids and seawater. Lamina-scale Si isotope hetero-
geneity within individual chemical chert samples (up to 2.2%o) may reflect the dy-
namic nature of hydrothermal activity.

Silicified volcanogenic sediments exhibit a much more restricted range of positive
6%°Si (+0.1%o to +1.1%0), which points to seawater as the dominant source of silica
(Figure 5.12).

The proposed model for Si isotope variability in the Early Archean implies that
chemical cherts with the most negative 6°°Si formed from pristine hydrothermal flu-
ids, whereas silicified or chemical sediments with positive 6°°Si are closest to pure
seawater deposits. Taking the most positive value of +1.3%o, and assuming that the
Siisotope composition of seawater is governed by input of fractionated hydrothermal
fluids, van den Boorn et al. (2010) infer that the temperature of ~3.5 Ga seawater was
below ~55°C.

The silicon isotope compositions of C-chert layers in the similar age (3.33-3.55 Ga)
chert formations of Barberton Greenstone Belt (South Africa) were reported by Abra-
ham et al. (2011) and Geilert et al. (2014b). The silicon isotope compositions of quartz
in oldest BIFs of ~3.8Ga in the Isua formation, south Greenland were reported by An-
dré et al. (2006) and Heck et al. (2011). Besides, the BIFs of Hamersley Group, Western
Australia (~2.5 Ga) and Transvaal Group, South Africa (~2.5 Ga) were also studied for
their silicon isotope compositions (Steinhoefel et al., 2010; Heck et al., 2011).

printed on 2/10/2023 8:05 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

170 —— 5 Several aspects of silicon isotope applications

( N\
30g5=
Dissolved Si from §78i=1.2%0
continent (mainly river) .4Tmol Si/: . .
6-4TmolSira Dissolved Si SSic0.78%
. 1=0.
| . 5308i=-0.3%o in modern ocean Biological precipitation
Dissolved Si from [=——s—n =g (diatoms,radiolarians,sponges
seafloor weathering 1.9Tmol Si/a 1.35x10°Tmol Si 8.9Tmol Si/a and silicoflagellates)
30g;— 8305i=1.98%
Dissolved Si from 87SI=-0.3%
submarine hydrothermal fluid | ¢ 6Tmol Si/a
AN J
30 ( N\
Dissolved Si from 37Si=1.2%
continent (mainly river) 4.4Tmol Sia Dissolved Si
in Proterozoic ocean 539Si=0.47%
Dissolved Si f 5305i=-0.3% |=> Chemical and
issolved Si from . . . " and
seafloor weathering 3.0Tmol Si/a 3.0x10’Tmol Si 8.6Tmol Si/a biological precipitation
\ 8308i=1.47~1.67%»
] 8%08i=-0.3%
Dissolved Si from |=I>
submarine hydrothermal fluid | 1,2Tmol Si/a
' N\
- - 530i=-0.3% . Dissolved Si
Dissolved Si from — in Achean ocean
seafloor weathering 5.7Tmeol Sifa 5%%8i=-0.3%0 . .
. . . Chemical precipitation
( 5308i=-0.3% 3.6x10°Tmol Si . (C chertand S Chert)
Dissolved Si from i 3908i=0.2% 7.5Tmol Sifa
submarine hydrothermal fluid | 1.8Tmol Si/a

Figure 5.13: A schematic diagram showing Si cycles in the Archean (André et al., 2006; van den
Boorn et al., 2007, 2010), Proterozoic and modern oceans (Tréguer and de La Rocha, 2013). Revised
from Ding et al. (2017).

Based on the information obtained so far, Archean seawater was a water body
with a relatively high temperature, low oxygen fugacity and weak alkalinity, in which
biological activity was negligible. These estimations are consistent with those ob-
tained from other geochemical and isotopic studies. As shown in Figure 5.13, during
the Archean period, the input sources of dissolved Si to the ocean are submarine
hydrothermal fluid and sea-floor weathering, and the output paths are chemical pre-
cipitation (to form C cherts) and silicification of the precursor sediments or rocks (to
form S cherts) (André et al., 2006; van den Boorn et al., 2007, 2010). The Si concen-
tration in ocean water remains in its saturated concentration at a given temperature,
but the §°Sigy, (6°°Si value of seawater) increases gradually due to Si isotope frac-
tionation between dissolved Si and precipitated SiO,. When a steady state is reached,
8°°Siq,, (the average 6°°Si value of all output Si) will be equivalent to §°°Si;, (the
average 6°°Si value of input Si), and §°°Sigy, will be equal to (6>°Sig, — A**Sigy.sw)s
where A®Si,, oy is the relative silicon isotope enrichment of the output Si to the
ocean water (6°°Sig,,, — 6°°Sigy ). Because the average §°°Si value of Si in the subma-
rine hydrothermal fluid and Si from sea-floor weathering is ~-0.3%0 and A%°Sig.sw
is ~—0.5%o at a temperature of 40°C (Geilert et al., 2014a), the §°°Sig, value of that
period is approximately 0.2%oo.
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Figure 5.14: Schematic geological maps of sampling area (after Ding et al., 2017). a) Map of the Jix-
ian area, Hebei province (Li et al., 2014b); b) Map of the Shisanlin area, Beijing (Zhang et al., 2002);
c) Map of the Wutai area, Shanxi Province (Du et al., 2009); d) A sketch map showing the locations
of sampling areas. The sampling areas of Jixian, Shisanlin and Wutai are indicated by red solid cy-
cles in the map. 1 - Quaternary strata; 2 — Phanerozoic strata; 3 — Upper Proterozoic Qingbaikou
System; 4 — Tieling Fm., Jixian system; 5 — Hongshuizhuang Fm., Jixian System; 6 — Wumishan Fm.,
Jixian System; 7 — Yangzhuang Fm., Jixian System; 8 — Gaoyuzhuang Fm., Changcheng System; 9 —
Dahongyu Fm., Changcheng System; 10 — Tuanshanzi Fm., Changcheng System; 11 — Chuanlinggou
Fm., Changcheng System; 12 — Changzougou Fm., Changcheng System; 13 — Middle Proterozoic
strata; 14 — Sijizhuang Fm., Hutuo Group; 15 — Doucun Fm., Hutuo Group; 16 — Dongye Fm., Hutuo
Group; 17 — Guojiazai Fm., Hutuo Group; 18 — later Archean Wutai strata; 19 — Granite; 20 - Fault;
21 - Sampling profiles in Jixian (Figure 5.14a, A-A), Shisanlin (Figure 5.14b, B-B) and Wutai (Fig-
ure 5.14¢, C-C).
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5.2.2 Silicon content and silicon isotope composition of Proterozoic ocean water
and their implications to environmental variation

A number of papers have reported the §°°Si values of cherts formed during the Pro-
terozoic (Song and Ding, 1990; Ding et al., 1996; Robert and Chaussidon, 2006; Marin-
Carbonne et al., 2012, 2014; Chakrabarti et al., 2012; Heck et al., 2011; Wang and Chen,
1996; Zhao et al., 2014; Hu et al., 2013; Ding et al., 2017). Among them, relatively more
systematic results were presented by Chakrabarti et al. (2012) and Ding et al. (2017).

Chakrabarti et al. (2012) reported silicon isotopic compositions of 75 chert samples
with ages ranging from ~2600 Ma to 750 Ma. Their §°°Si values range from —4.29%o
to +2.85%o. They explained this variability by 1) simple mixing of silica derived from
continental (higher 6°Si) and hydrothermal (lower §°°Si) sources, 2) multiple mecha-
nisms of silica precipitation and 3) Rayleigh-type fractionations within pore waters of
individual basins. They found a ~3%o variation in peritidal cherts from a single Neo-
proterozoic sedimentary basin (Spitsbergen) and explained it by Rayleigh-type frac-
tionation during precipitation from silica-saturated pore waters. It was suggested that
in some samples, post-dissolution and re-precipitation of silica could have added to
this effect.

They also observed that peritidal cherts are enriched in the heavier silicon iso-
topes, whereas basinal cherts associated with banded iron formations (BIF) show
lower 6°°Si values. This may indicate that the silicon in BIFs may be partly from hy-
drothermal sources. The §°°Si difference between non-BIF and BIF cherts is consistent
with the contrasting genesis of these deposits.

A clear pattern of secular variation was observed in their data. Low 6°°Si in
Archean cherts is consistent with a dominant hydrothermal source of silica to the
oceans at that time. They think that the monotonically increasing §>°Si from 3.8 Ga to
1.5 Ga appears to reflect a general increase in continental versus hydrothermal sources
of Siin seawater, as well as the preferential removal of lighter Si isotopes during silica
precipitation in iron-associated cherts from silica-saturated seawater. The highest
6%°Si values were observed in 1.5 Ga peritidal cherts. However, the causes behind the
reversal in trend towards lower §°°Si in cherts younger than 1.5 Ga old are less clear.

Ding et al. (2017) collected a suite of samples of carbonate rocks containing chert
bands and nodules from the early Proterozoic Hutuo Group (2.35-2.20 Ga) (Du et al.,
2009) and the middle Proterozoic Changcheng and Jixian Systems (1.63-1.20 Ga) (Li et
al., 2014b; Zhang et al., 2002) in Northern China (Figure 5.14). These cherts were se-
lected because they showed good preservation of their original structure and compo-
sition (Figure 5.15 and Figure 5.16); i.e., no obvious effects of metamorphism or weath-
ering were found in the selected samples. The Si and O isotopic compositions of the
chert and the C and O isotopic compositions of dolomite were studied systematically.

Generally the chert consists of microscopic quartz grains ranging from 0.1 pm to
a few pm in diameter. In some samples (e.g., JX-33), coarser quartz crystals of >10 pm

printed on 2/10/2023 8:05 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

5.2 Silicon isotope studies on environmental variation of ocean =— 173

b)
- Chert

a)
Quartz
¢)

Chert

Chert

Chert

[
0 1em 2

Figure 5.15: Photos of polished sections of sample specimens. a) JX-20; b) JX-26; c) JX-27; d) JX-33;
e) JX-36; f) JX-40. The cherts commonly occur as fine bands, but quartz veins can be observed in
some specimens (JX-20, JX-33 and JX-36). After Ding et al. (2017).

can be observed. The chert seems to have re-crystallized after the dolomite, indicating
a diagenetic origin.

The Si and O isotope compositions of the cherts and the C and O isotope composi-
tions of dolomites were measured and illustrated in Figure 5.17. The obtained 6 Cy.ppg
and 6'®0y ppp values of dolomites indicate their normal sedimentary origin in a shal-
low marine environment, but their §'®0y ppp values had been influenced to some de-
gree by diagenesis. The §'0y.gyow values of the chert samples also show that they
were formed in a shallow marine environment but might have been slightly affected
by diagenesis.
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Figure 5.16: Microscopic and SEM photos of chert and dolomite. a), b) and c) are microscopic pho-
tos (crossed Nicols) of samples JX-26, JX-27 and JX-33, respectively; d), e) and f) are SEM images of
samples JX-26, JX-27 and JX-27, respectively. After Ding et al. (2017).

The 63°Si values of the cherts range from 0.1%o to 3.9%o. Among them, the early
Proterozoic cherts show lower §3°Si values, ranging from 0.1%o to 1.3%o, with an aver-
age of 0.75+0.43%o (1std), compared to middle Proterozoic cherts ranging from 0.5%o
to 3.9%o, with an average of 2.22+0.74%o (1std). Furthermore, a peak range in 6°°Si
[2.2-3.9%0, averaging 3.12+0.56%o (1std)] is observed in the cherts of 1.325-1.355 Ga. In
addition, the §°°Si variation of chert can also be observed on a millimetre scale. For
example, 4 chert bands in sample JX-26 and 5 chert bands in sample JX-27 show 6°°Si
variations of 2.3~3.9%0 and 3.1~3.6%o, respectively.

The increasing trend of §°°Si from the early Proterozoic to middle Proterozoic is
consistent with the trends reported by previous studies (Ding et al., 1996; Robert and
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Figure 5.17: The temporal evolution of 8°Siygs.,5 and 68 0y.gyow values of chert and 8Cy.ppg and
8'80y.ppg Values of dolomite for the samples collected in Ding et al. (2017). After Ding et al. (2017).

Chaussidon, 2006; van den Boorn et al., 2007, 2010; Abraham et al., 2011; Marin-
Carbonne et al., 2012, 2014; Chakrabarti et al., 2012). Togerther, with the new data
provided in Ding et al. (2017), the middle Proterozoic §°°Si peak becomes a prominent
feature in the Si isotope record of Precambrian cherts, which implies major environ-
mental variations in the ancient ocean (Figure 5.17).

Combining data obtained using SiF, and MC-ICPMS methods, the §°°Si variation
trend from the early Archean to present is plotted for chert that formed in shallow
marine environments (Figure 5.18). The upper limit of §°°Si values of chert increases
gradually from 0.8%o0 at 3.50 Ga to 3.9%o at 1.335 Ga and then decreases drastically to
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Figure 5.18: A plot showing 6°°Si variations of chert formed in a shallow marine environment, and
inferred ocean water, from the late Archean to the present. Data for Archean chert are taken from
Data for Proterozoic chert (Pt) are taken from Ding et al. (2017), Chakrabarti et al. (2012), Wang and
Chen (1996), Zhao et al. (2014) and Hu et al. (2013). The data of Phanerozoic chert (Pn) are taken
from Ding et al. (1996), Wang and Chen (1996), Shen et al. (2001), Xu et al. (1997), Xu (1998), Wu et
al. (1997). Taking A3°Sic,,_qyy to be —0.5%o, —1.0%o and —1.2%. in the Archean, early Proterozoic and
since the middle Proterozoic, respectively, 33°Sig, values are calculated from §*°Si,.

2.0%o at 1.104 Ga. After 1.104 Ga, the upper limit of §°°Si values for chert fluctuates
between 1.5%0 and 2.5%o.

Chert is normally formed by the recrystallization of a precipitated amorphous sil-
ica precursor in the diagenetic process. To test the possibility of using O and Si isotope
compositions of chert to trace those of contemporary marine water, the relationship
between the 680 and §°°Si values of chert and those of the amorphous silica precur-
sor are evaluated first.

It is known that the O isotope composition of silica would be reduced during di-
agenesis due to two factors. First, the chert nodular and band in the limestone are
considered to form in the groundwater of mixed meteoric-marine coastal systems dur-
ing diagenesis (Knauth, 1979). Due to the involvement of meteoric water, the O isotope
composition of groundwater would be lighter than that of contemporary marine water,
causing a reduction in the §'0 value of chert to some extent. Second, as the diagenetic
temperature is normally higher than that of marine water, the O isotope fractionation
between silica and water at the diagenetic stage would be smaller than that in the
precipitation stage, which would cause a 6§'®0 reduction in the chert. As shown by
the microscopic and SEM examinations (Figure 5.16), the slight reduction in the §'80
value of chert indicates that the studied cherts were formed in the diagenetic process
and their 680 values cannot represent those of the amorphous silica precursor.

In contrast to the O isotope composition, the silicon isotope composition would
not change during early diagenesis for following reasons: 1) Chert bands and nodules
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are commonly confined in layers of sedimentary strata, which indicate that silica does
not move over long distances during diagenesis. 2) The amorphous silica precursor is
the dominant form of silica in dolomite rocks and the Si content in groundwater is
rather limited. 3) 6°°Si variations at the millimetre scale or even the micrometre scale
(Robert and Chaussidon, 2006; Marin-Carbonne et al., 2012; Steinhoefel et al., 2009,
2010; Heck et al., 2011; Marin et al., 2010) are preserved in cherts, which rules out the
possibility of the large-scale mixing of silicon during diagenesis. Thus, the §°°Si value
of chert can be used as a representative of the amorphous silica precursor to trace the
silicon isotope composition of contemporary seawater (van den Boorn et al., 2007).

In Figure 5.18, the inferred variation trend in 6>°Sigy, is shown. The 6°Sigy is cal-
culated from the equation §°°Sigy = 6°°Siy, — A*°Sicy,.gw» where §°Sigy, is the §°°Si
value of chert and A°Si, g is the relative Si isotope enrichment of chert to seawater.
According to the theory of isotope fractionation, A*°Si, g is temperature dependent.
Thus, to determine a proper A*°Sic, sy value, precipitation temperatures of the amor-
phous silica precursor of chert should be evaluated beforehand.

Based on the O isotope composition of chert, Robert and Chaussidon (2006) sug-
gested the seawater temperatures were 70°C at 3.5 Ga and 35°C at 0.85 Ga. However, the
inferred high Paleoarchean temperatures are controversial (Hren et al., 2009; Knauth
and Lowe, 1978, 2003; Kasting et al., 2006; Walker and Lohmann, 1989), partly be-
cause §'®0 determinations of the Paleoarchean temperature rely on the assumption
that 6'®0 of the Archean ocean was similar to that of an ice-free modern ocean. How-
ever, it has been suggested by a number of researchers that the §'®0 value of the global
ocean could have varied significantly over time (Knauth and Lowe, 1978, 2003; Kasting
et al., 2006; Walker and Lohmann, 1989). Recently, Hren et al. (2009) studied the 620
and 6D values of the 3.42 Ga Buck Reef chert rocks in South Africa and found that
the chert with the highest §'®0 was formed in equilibrium with waters below 40°C.
Blake et al. (2010) studied the oxygen isotope composition of phosphate in 3.2-3.5 Ga
sediments of the Barberton Greenstone Belt and found that the phosphate with the
highest 6'80 value was formed in seawater at a temperature range from 26°C to 35°C.
According to these results, a temperature range of 35°C-40°C is more acceptable for
the Archean ocean.

For the temperature of the Proterozoic ocean, fewer results have been reported.
Based on the O isotope composition of chert, the temperatures in the Proterozoic
ocean are estimated in the range of 35-60°C (Robert and Chaussidon, 2006). As-
suming that diagenetic water has a 680 value of —~10%o, and using the O isotope
fractionation equation (1000 In apg).1120 = 3.20 x 106 T2 - 2.0) of Northrop and Clayton
(1966), we obtained a diagenetic temperature range of 25~56°C (averaging 36+7°C)
for dolomite in the early Proterozoic and a diagenetic temperature range of 12~50°C
(averaging 26+9°C) for dolomite in the middle Proterozoic. Assuming the diagenetic
water still has a 6'80 value of —10%o, and using the O isotope fractionation equation
(100010 Acperoo = 3-09 x 10°T~2 - 3.29) of Knauth and Epstein (1975), we obtained
a diagenetic temperature range of 19~43°C (averaging 34+7°C) for chert in the early
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Proterozoic and 1~63°C (averaging 17+15°C) for chert in the middle Proterozoic. The
calculated average diagenetic temperature (34°C) for early Proterozoic chert is slightly
lower than that (36°C) for early Proterozoic dolomite, and the calculated average di-
agenetic temperature (17°C) for middle Proterozoic chert is significantly lower than
that (26°C) for middle Proterozoic dolomite. These observations may be caused by a
difference between chert and dolomite during O isotope exchange process with dia-
genetic solution. The cherts are more resistant to O isotope exchange than dolomite
in the diagenetic process. Thus, the calculated diagenetic temperature for dolomite
may be more representative. Based on these considerations and assuming the diage-
netic temperature is a little higher than the sedimentary temperature on the sea floor;
we estimate the ocean temperature as 30°C in the early Proterozoic and 20°C in the
middle Proterozoic.

Concerning A*°Sic, gy, there has been a number of investigations on Si isotope
fractionation during abiotic silica precipitation (Geilert et al., 2014a; Oelze et al., 2015;
Roerdink et al., 2015; Li et al., 1995a; Chen et al., 2016; Delstanche et al., 2009; Zheng
etal., 2016). Early experimental studies on abiotic solid—fluid silicon isotope fraction-
ation yielded A*°Sigjiq_guiq values ranging from —2.0%o to —1.0%o (Li et al., 1995a;
Delstanche et al., 2009). Geilert et al. (2014a) performed seeded silica precipitation ex-
periments using flow-through reactors in the 10-60°C temperature range to quantify
the silicon isotope fractionations during controlled precipitation of amorphous silica
from a flowing aqueous solution. The obtained A**Sig;ca-somtion Values were —2.1%o
at 10°C, —1.2%o at 20°C, —1.0%0 at 30°C, —0.5%0 at 40°C, 0.1%0 at 50°C, and 0.2%o0 at
60°C. These results can be used to calculate §°°Si values of ocean water in different
geological periods.

Assuming that the temperature of the ocean is 40°C, 30°C and 20°C in the
Archean, early Proterozoic and since the middle Proterozoic, respectively, and
A*9Siqy gy are —0.5%o, —1.0%0 and —1.2%o in the Archean, early Proterozoic and
since the middle Proterozoic, respectively, 6°0Si values of ocean water are calculated
from 6°°Si values of chert (Figure 5.18).

Figure 5.18 shows that the upper limit of inferred §°°Si values in ocean water in-
creases gradually from 1.3%o at 3.53 Ga to 5.1%o at 1.335 Ga and then decreases dras-
tically to 3.2%o at 1.104 Ga. After 1.104 Ga, the upper limit of inferred 6°°Si values in
ocean water fluctuates between 2.7%o and 3.7%o.

Ding et al. (2017) presented a conceptual model for the Si cycle of the Protero-
zoic ocean based on known and inferred boundary conditions (Figure 5.13). Similar
to the conditions in the Archean ocean, submarine hydrothermal fluid and sea-floor
weathering are still important input sources of dissolved Si to the Proterozoic ocean,
but the amounts of these inputs decreased as the hydrothermal activity and ocean
temperature decreased from their Archean to Proterozoic values. Further, the input of
dissolved Si from the continents became significant as supercontinents appeared in
the early Proterozoic. For the output of dissolved Si from the ocean in the Proterozoic
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Eon, chemical precipitation was still a major pathway, but biological absorption may
have also played a significant role (Li et al., 1988).

The Si concentration in ocean water remains in its saturated concentration at a
given temperature (30°C for the early Proterozoic and 20°C for the middle and late
Proterozoic). When a steady state is reached, §°°Sig,,, will be equivalent to §>°Si,,
and 6°°Sigy, will be equal to (8*°Sig, — A*°Sigye.sw), Where A%Sig gy is —1.0%o for
the early Proterozoic and —1.2%o for the middle and late Proterozoic. The estimated
8°Sig,, value of that period would be approximately 1.47~1.67%o (Figure 5.13).

From the discussion above, extreme values of §°°Si for chert and §°°Si for sea-
water cannot be explained for an ocean at steady state conditions. Thus, this peak in
6°°Si indicates an extraordinary period at non-steady state suggesting a scenario at a
transition stage.

From the Archean to present, there should be a transition period of the Si cycle
in the ocean. In that period, the DSi in ocean water is reduced by approximately 2 or-
ders of magnitude below that of the saturated concentration in seawater (Ding et al.,
1996), and the §°°Sigy, value first rises from ~0.2%o to ~5.1%o and then decreases to
~1.98%so. The rise of §°°Sigy, is caused by Rayleigh fractionation when SiO, precipi-
tates from ocean water (Figure 5.19). One mechanism that causes the DSi reduction in
ocean water should be a decrease in ocean temperature. As the temperature decreases,
the saturated Si concentration in ocean water would be reduced, causing additional
Si0, precipitation. The saturated SiO, concentration in ocean water is ~263.5 mg/L,
~221.2 mg/L and ~178.9 mg/L at 40°C, 30°C and 20°C, respectively (Okamoto et al.,
1957). When the temperature of seawater decreases from 40°C to 20°C, the fraction of
dissolved Si remaining in the seawater (f) will be reduced to ~0.679. In the Rayleigh
fractionation process, it will cause an increase of ~0.2%o in 53OSiSW. It seems that
the decrease in seawater temperature alone cannot explain the significant increase
in the 6°°Sigy value, and other mechanisms should be considered. Another mecha-
nism causing a DSi decrease in ocean water is the increase of Si absorption activities
by biological species, which can reduce the DSi in ocean water two orders of mag-
nitude lower than that of the saturated concentration. In the Rayleigh fractionation
process, the combined effect of these two types of mechanisms can cause §°°Sigy, to
increase ~4.0%o0 when f is reduced to 0.01. It is known that diatoms and radiolarians
are Si-fixing organisms that were active in the Phanerozoic (Tréguer and de La Rocha,
2013); sponges were active in the Phanerozoic (Tréguer and de La Rocha, 2013) and the
later Proterozoic (Li et al., 1988). Assuming their appearance is the start of a drastic
decrease of DSi in ocean water, we should observe a 53°Sisw peak value in the later
Proterozoic or early Phanerozoic. However, according to the data of Ding et al. (2017),
the 6°°Sigy, peak appeared in the middle Proterozoic (1.325~1.355 Ga) instead, which
indicates the drastic decrease in ocean water DSi happened prior to 1.355 Ga.

It is known that microbes were the dominant organism in the Precambrian. Stro-
matolites are found in early Archean strata from 3.5 Ga (Allwood et al., 2010) and are
very well developed in Proterozoic strata (Du et al., 2009; Li et al., 2014b; Zhang et
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Figure 5.19: Plot showing silicon isotope fractionation during SiO, precipitation from ocean water in
a Rayleigh process, where f is the fraction of remaining dissolved Si in ocean water and 1 - f is the
fraction of accumulated precipitated SiO,. The 3°°Si of the starting ocean water is assumed to be
0.2%o (indicated by the filled circle) and the Si isotope fractionation factor between SiO, precipitate
and ocean water (@pe.sy) is 0.999. Revised from Li et al. (1995a).

al., 2002; Li et al., 1999; Chu et al., 2007; Wilson et al., 2010). REE and C, O, Nd iso-
tope compositions have been used to study the formation conditions of stromatolite-
bearing sediments, particularly the effect of biological activities (Li et al., 1999; Chu et
al., 2007; Allwood et al., 2010; Wilson et al., 2010; Alexander et al., 2008). The early
and middle Proterozoic chert-bearing dolomites investigated in Ding et al. (2017) are
all rich in stromatolites, showing a close correlation between silica precipitation and
biological activities. Moreover, macroscopic eukaryotic fossils were recently discov-
ered in the 1.56 Ga Gaoyuzhuang formation in the Yanshan area of Northern China
(Zhu et al., 2016). If some Proterozoic species are capable of absorbing or precipitating
Si from ocean water, the Si content in the Proterozoic ocean water would be drastically
reduced causing §°°Sigy to rise significantly. Thus, the high peak in §>°Sigy, values in
the middle Proterozoic ocean water may reflect a drastic reduction in Si content caused
by a rapid increase in biological activity in the ocean. After that peak period, the DSi
reduction rate in ocean water decreased gradually, and the §°°Sig,, value decreases to
a significantly lower value at steady state.
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5.2.3 Silicon content and silicon isotope composition of Phanerozoic ocean water
and their implications to environmental variation

The Si cycle in the modern ocean has been discussed in Section 5.1 of this chapter.
A brief summary on silicon content and silicon isotope composition of Phanerozoic
ocean water is given in Figure 5.13. The Si cycle in the modern and Phanerozoic ocean
section are quite different with those of Archean and Proterozoic ocean (Tréguer and
de La Rocha, 2013). First, dissolved Si from the continents (in rivers and groundwater)
has become a dominant input source (6.4 Tmol Si/a) to ocean Si, and the Si input from
submarine hydrothermal fluid (0.6 Tmol Si/a) and sea-floor weathering (1.9 Tmol Si/a)
has become less significant (Tréguer and de La Rocha, 2013). §°°Si;, is calculated as
~0.78%o0 using the equation:

87%Sii, = feont X 0% Sicone + fopw X 6°°Sispw + fsur X 6°°Sisyr (5.1

In the equation, f represents the relative fraction of each Si source and the sub-
scripts Cont, SFW and SHF indicate continent, sea-floor weathering and submarine
hydrothermal fluid, respectively.

Second, the biological absorption of Si has become a dominant path for Si out-
put from the ocean and Si contents in modern ocean water (0.05 mg/L~0.2 mg/L for
shallow seawater and 0.3 mg/L~3.5 mg/L for deep seawater) are two orders of magni-
tude lower than those of the saturated concentration in seawater (Ding et al., 1996).
At steady state, the amount and 6°°Si value of output Si from ocean water would be
equal to those of input Si. Thus, §°°Si,,, would also be ~0.78%o at present.

The silicon isotope fractionations of diatoms-seawater and sponges-seawater
have been experimentally studied. The determined A*°Sip;,om-sw iS commonly -1.0 ~
-1.1%0 (De La Rocha et al., 1997; Reynolds et al., 2006b; Sutton et al., 2013), but
A?%Sig 0000 sw Varies from —1.1%o to ~3.7%o (De La Rocha, 2003; Wille et al., 2010).
Because diatoms are much more abundant in the ocean than sponges, we assume
A*°Sig,.qw in the modern ocean is ~—1.2%o. From the above estimation, the §°°Sigy,
value of the modern ocean can be calculated as ~1.98%o, which is very close to the
value (1.9%o) of surface ocean water inferred previously (De La Rocha et al., 2000).

5.3 Studies on mechanisms of absorption, transportation and
precipitation of silicon in plant growth processes

Silicon is present in plants with amounts equivalent to macronutrient elements, such
as calcium, magnesium and phosphorus (Epstein, 1999). It has been observed that
silicon is an important element for a large number of plants, such as rice, bamboo,
spikemoss, horsetails, and a great number of other ferns, gymnosperms and an-
giosperms (Sangster and Hodson, 1986). The contents and distribution patterns of
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silica in crops and grasses were proven to be critical to their quality and production.
Silica is very helpful to increase the compression-resistance and rigidity of cell walls,
and to improve light interception and drought resistance (Jones and Handreck, 1967).
The present of Si strengthens the air canal, which provide more efficient oxygen sup-
ply to roots and reduce loss of water in evapo-transpiration processes. It can raise the
capabilities to prevent pathogens, blast, insects, mollusks and grazing by herbivores
(Sangster and Hodson, 1986; Shui et al., 1995). For these reasons, the role of silicon
in plants have been studied by many investigators with different methods (Smithson,
1956; Takahashi and Okuda, 1962; Sangster, 1978; Sangster and Hodson, 1986; Jarvis,
1987; Sato et al., 1990; Sun et al., 1994; Hart, 1988; Hildebrand et al., 1997; Wang et
al., 1998; Epstein, 1994, 1999; Cocker et al., 1998; Fu et al., 2000, 2001, 2002).

So far, amorphous silica (opal or silica gel) is the only silicon phase found in
plants, which occurs on cell walls, in cell lumen and as extra-cellular deposits (Sang-
ster and Parry, 1981). It is commonly accepted that Si enters plants as water-soluble
Si(OH), (Barber and Shone, 1966), which can be polymerized and precipitated as
amorphous silica, frequently in close proximity to the transpiration conduit. How-
ever, there are different opinions on the issue of how roots take up and transport
silicic acid. Active root uptake and transport of silicic acid were reported for rice, but
passive diffusion was suggested for oats (Sangster and Hodson, 1986). Furthermore,
Fu et al. (1998, 2000 and 2002) proposed that some plants could absorb silicate parti-
cles directly and selectively from the soil. This problem still remains to be solved. In
addition, silicate-organic compounds were also considered as a form of silicon uptake
and transportation. It was reported that some enzymes, silaffin and polyamine chains
were capable of polymerizing silicic acid at neutral to acidic pHs (Mitzutani et al.,
1998; Kroger et al., 2000; Pohnert, 2002). However, it is still unknown whether these
compounds exist in plants.

In view of increasing applications of silicon isotope studies to biogeochemistry,
its usefulness for the investigation of the mode and mechanism of silicon transport in
plants was examined by several groups (Ding et al., 2005a, 2008a,b; Opfergelt et al.,
2006a; Sun et al., 2008, 2016; Hodson et al., 2008). If sizeable silicon isotope vari-
ations exist in plants, they may provide direct and important information on their
metabolic processes.

5.3.1 Silicon isotope studies on rice plants

Rice is a very abundant and important terrestrial plant, providing the major food sup-
ply to more than half of the world population. It also has large influence on the terres-
trial environment and biogeochemical cycles of silica and other components. Thus,
rice became the first plant to be studied for their silicon isotopic compositions (Ding
et al., 2005a, 2008b; Sun et al., 2008, 2016).
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5.3.1.1 Silicon isotope study on rice plants grown in rice field

For studying silicon isotope characters of rice plants, mature rice plants harvested
from rice fields were investigated (Ding et al., 2005a). The studied 16 rice plants were
collected in 2000 from paddy fields in four counties (Jiaxing, Pujiang, Fuyang and
Shaoxing) of the Zhejiang province, China.

To investigate the silicon isotope variations among different kinds of rice, four
types of rice plants were collected in each county: One (SX-9714) belongs to glutinous
rice and three (C-97252, N-97-77 and XS-63CK) belong to round-grained non-glutinous
rice.

Variations of SiO, in rice plants and paddy soils

The SiO, contents of paddy soils vary from 61.8% to 77.5%, averaging 66.6%. In dried
plant samples, the SiO, contents of rice roots vary from 2.8% to 10.6%, averaging 6.0%;
the SiO, contents of SL vary from 4.6% to 10.1%, averaging 7.6%; the SiO, contents
of husks vary from 8.7% to 12.1%, averaging 10.6%; and the SiO, contents of grains
vary from 0.017% to 0.053%, averaging 0.032% (Figure 5.20). The SiO, contents of SL
are higher than those of roots in some cases, but lower in other cases. However, on
average the SL is more enriched in SiO, than in the roots. On average, the husks are
more enriched in SiO, than SL. The SiO, contents of grains are drastically reduced.
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Figure 5.20: The SiO, contents of different rice organs in dried plants. After Ding et al. (2005a). a) Ji-
axing; b) Pujiang; c) Fuyang; d) Shaoxing; 1: SX-9714; 2: C-97252; 3: N-97-77; 4: XS-63CK.
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The highest SiO, content is observed in husks and lowest SiO, content is found in
rice grains. It seems that SiO, is concentrated in the outer layers and higher positions
within a rice plant. No systematic SiO, variations are observed between different types
of rice.

Variations of silicon isotope composition in rice plants and paddy soils

The §°°Si values of paddy soils vary from —0.4%o to 0%, averaging —0.25%o. The §>°Si
values of roots vary from —0.9%o to 0.1%o, averaging —0.29%o. The 6°°Si values of SL
vary from —0.5%0 to 0.4%0, averaging —0.16%o0. The 6°0Si values of husks vary from
0.1%o to 1.1%o, averaging 0.61%o. The §°°Si values of rice grains vary from 1.0%o0 to
6.1%o, averaging 2.98%o (Figure 5.21). The §°°Si value of 6.1%o, observed in the rice
grains of samples JX-1 and JX-4, is much higher than the highest value (3.4%0) observed
for terrestrial samples before (Ding et al., 1996). The §°°Si values of different rice or-
gans and paddy soils show significant variations from place to place and from plant to
plant, reflecting differences in silicon sources, rice types and growth conditions (Fig-
ure 5.21). However, the most significant phenomenon is the large and systematic sil-
icon isotope variations among different organs within individual rice plants. The av-
erage 6°°Si values are —0.25%o for soils, —0.29%o for roots, —0.16%o for SL, 0.61%o for
husks and 2.98%o for grains, showing an increase trend from roots and SL, through
husks to grains (Figure 5.21).
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Figure 5.21: The 3°°Si values of different rice organs and soils. After Ding et al. (2005a). a) Jiaxing;
b) Pujiang; c) Fuyang; d) Shaoxing; 1: SX-9714; 2: C-97252; 3: N-97-77; 4: XS-63CK.
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Silicon isotope fractionation process during SiO, precipitation in rice plants

The 6°°Si values, along with the data of SiO, contents and the mass fractions of dif-
ferent rice organs, can be used to study silicon isotope fractionation process during
Si0, precipitation in the rice plant. The average mass fractions of roots, SL, husks and
grains are 5.9%, 45.5%, 8.3% and 40.4%, respectively. The average SiO, contents of
roots, SL, husks and rice grains are 6.0%, 7.6%, 10.6% and 0.032%, respectively. Thus,
the average fractions of SiO, in roots, SL, husks and grains are calculated to be 0.075,
0.735, 0.187 and 0.003, respectively. Then the 639Si value of bulk rice is calculated to be
-0.02%o0. Assuming that the silicon absorbed by rice is precipitated completely within
the plant, this value should represent the initial §>°Si value of the silicon-bearing so-
lution in the rice plant.

Based on these data, a 6°°Si vs. (1 - f) diagram for studied rice is shown in Fig-
ure 5.22, where f is the fraction of dissolved silicon remaining in the rice plant. It is
assumed that dissolved Si(OH), in rice polymerizes and is precipitated gradually from
roots, through SL and husks, to grains and that the initial §>°Si value of the silicon-
bearing solution in the rice plant is that of the total SiO, in the plants (—0.02%o). Fit-
ting to a Rayleigh model yielded that the 6°°Si value of an initial SiO, precipitates in
roots is about —0.44%o. The isotope fractionation factor, a*°Sipe._pg; is computed to
be 0.99958. Because the polymerization process of Si(OH), is a non-reversible process,
and precipitated SiO, is unlikely to exchange silicon isotopes with Si(OH),, remained in
a solution, the silicon isotope fractionation in a rice plant can be regarded as a kinetic
isotope fractionation in a Rayleigh process. Figure 5.22 may be regarded as a model
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of silicon isotope fractionation in rice plants from the Zhejiang Province, China. Dur-
ing this process, the 6°°Si value of the dissolved silicon in plant water of rice increases
gradually from —0.02%o to 6.5%o (at f value around 0.0001), and the §°°Si value of the
precipitated SiO, in rice plant increases simultaneously from —0.44%o to 6.1%o (at f
value around 0.0001). This fractionation pattern is similar to those of Douthitt (1982),
Li et al. (1995a), De La Rocha et al. (1997) for SiO, precipitation from solution in abi-
otic and biotic processes, although the magnitude of the fractionations are somewhat
different.

Mechanisms of absorption, transportation and precipitation of Si in rice plants
Numerous investigations have been carried out on the behavior and the role of silicon
in plants (Takahashi and Okuda, 1962; Sangster, 1978; Sangster and Hodson, 1986;
Jarvis, 1987; Epstein, 1994, 1999; Cocker et al., 1998; Fu et al., 2000, 2001, 2002). How-
ever, there are still many controversies on the mechanism of absorption, transporta-
tion and precipitation of silicon in plants. It was suggested that Si enters plants as
water-soluble Si(OH), (Barber and Shone, 1966). However, Fu et al. (1998, 2000, 2002)
proposed that some plants may absorb silicate particles directly and selectively from
soil, then the soluble elements were leached from these silicate mineral particles and
carried to the shoots as nutrients, leaving the residual silica particles in the cortex.
Results obtained in this study lay some constraints on the issue of silicon uptake and
transportation.

Firstly, the distribution of SiO, in various rice organs is considered. If the view-
point of Fu et al. (1998, 2000, 2002) can apply to rice, the SiO, should be enriched in
roots, but depleted in SL and husks. However, it is observed that, in all rice samples
after ignition, the SiO, contents increase from roots to SL to husks (Figure 5.20), sug-
gesting that water-soluble silicon is more likely the major silicon component absorbed
by rice roots (Sangster and Hodson, 1986).

Secondly, the silicon isotope composition is considered. The average §°°Si value
of bulk rice is calculated to be —0.02%o, which is 0.23%o higher than the average 6§°°Si
value (-0.25%o) of paddy soils. This relationship does not support the idea of absorb-
ing silicate particles directly, because in that case, the §°°Si values of the bulk rice
plant should be equal to those of soils. In contrast, the idea of absorbing dissolved
silicon from paddy water is more acceptable. It is known that during the weathering
processes of silicate rocks, silicon isotope fractionation occurs between produced sec-
ondary clay minerals and dissolved silicon in solution. In comparison with the initial
silicate rock, the former is always depleted in >°Si (by about 1.5%0), and the latter is
enriched in >°Si (by about 0.75%o) (Ding et al., 1996; De La Rocha et al., 2000; Ziegler et
al., 2005a,b). Therefore, the paddy water, which consists of irrigation and soil waters,
normally has 6°°Si values higher than those of rocks and soils (Ding et al., 2004). The
paddy water was not collected in 2000. However, three water samples were collected
from the Qiantang River in 2002, which give an average §°°Si value of 1.0%o (Ding et
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al., 2005a). Assuming the paddy water was dominated by irrigation water, the §>°Si
value of initial plant water in rice (—0.02%o0) would be about 1.0%o lower than that
of the paddy water, suggesting that silicon isotope fractionation may occur when rice
roots take up dissolved silicon from paddy water.

Besides, the high silica contents in the husks indicate the roles of transpiration
and evaporation for silica precipitation in rice. Based on the variation patterns of SiO,
contents and 6°°Si values among different rice organs (Figure 5.20 and Figure 5.21),
it can be inferred that evapotranspiration is the driving force for an upward flow of
a silicon-bearing solution and silica precipitation. Therefore, a passive mechanism of
silica transport may be important for rice, although the role of active root uptake and
transport of silicic acid cannot be ruled out completely.

5.3.1.2 The experimental studies on silicon isotope fractionation in growth process
of rice plants

The experimental studies on silicon isotope fractionation in growth process of rice

plants were carried out to get further information on the mechanism of Si accumula-

tion in plants and biogeochemical Si cycle (Sun et al., 2008; Ding et al., 2008b).

The rice growth experiment was conducted in 2005 at the Zhejiang University. Rice
(Oryza sativa L. cv. Zhenong 952) was grown to maturity with the hydroponic culture
in a naturally lit glasshouse for three months. The detailed experimental processes
were described in Sun et al. (2008) and Ding et al. (2008b).

The nutrient solution was sampled for 14 times in the rice grown process. The
rice plants were sampled at various growth stages: i.e., the seedling stage (P01), the
tiller stage (P02), the jointing stage (P03), the heading stage (P04) and maturity stage
(PO5). Different parts of the rice plants, such as roots, stem, leaves, husks and rice
grains, were sampled separately. Besides some rice leaves in mature stage were cut in
different parts: leaf sheath, leaf blade base, leaf blade middle and leaf blade top along
the leaf axis.

The silicon content of the nutrient solution and the rice plant

The silicon content of the nutrient solution

The silicon content in the nutrient solution is shown in Figure 5.23. It was observed
that in the rice growing process, the silicon content in the nutrient solution decreased
gradually from 16 mM at start to 0.1~0.2 mM at harvest.

The silica contents and distribution in different organs of the rice plants

The SiO, contents (wt %) of different organs from the rice plants of various growth
stages are plotted in Figure 5.24. Each represents the average value of 4 replicate sam-
ples.
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Figure 5.23: Variation of the silicon concentrations in samples of nutrient solution. After Ding et al.
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At the seedling stage (P01), the silica contents in roots (0.64%) and in SL (0.44%) were
both very low and the silicon content in SL (stem plus leaves) was slightly lower than
thatin roots. At the tiller stage (P02), the silica contents in roots (3.55%) and SL (8.03%)
were both higher than at the seedling stage and the silica content in SL became sig-
nificantly higher than in roots. At the jointing stage (P03), the silica content in roots
(3.67%) was slightly higher than at the tiller stage, but the silica content in SL (12.21%)
became much higher than at the tiller stage. At the heading stage (P04), the silica con-
tent in roots (2.84%) became significantly lower than at the jointing stage. The silica
content increased from roots, through stem (5.38%), to leaves (17.46%), but decreased
from leaves to husks (12.05%). At the maturity stage (P05), the silica content in roots
(1.43%) was much lower than at the heading stage, but the silica contents in stem
(9.80%), leaves (19.97%) and husks (23.22%) were higher than at the heading stage.
The silica content increased from roots, through stem and leaves, to husks, and then
dropped drastically from husks to grains (0.11%), similar to the trend observed in rice
plants from the paddy field (Ding et al., 2005a).

The amounts of silica in different organs of the rice plants were calculated from
their SiO, contents and dry weights. From the amounts of silica in different organs
of the rice plants, their SiO, fractions were also calculated. The results are shown
in Figure 5.25. The SiO, fraction in roots decreased continuously from the seedling
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Figure 5.25: The fraction of silica for different organs of the rice plants from various growth stages.
After Ding et al. (2008b). PO1~P05: The sample numbers as in Figure 5.25. R - roots; SL — stem plus
leaves; H — husks.

stage (0.23), through the tiller stage (0.12), jointing stage (0.05) and heading stage
(0.023), to the maturity stage (0.009). Accordingly, the SiO, fraction in SL increased
from the seedling stage (0.77), through the tiller stage (0.88), to the jointing stage
(0.95). At the heading stage, the SiO, fraction in aerial parts (SL + husks) increased to
0.977. At the maturity stage, the SiO, fraction in aerial parts (SL + husks + grains)
increased to 0.991. From the heading stage to the maturity stage, the SiO, frac-
tion in husks increased from 0.119 to 0.249. All of these variations indicate that
the silica intends to concentrate in the upper part of rice plant in its growing pro-
cess.

The forms and distributions of silica in roots, stem, leaves and husks of the
rice plant were examined by using an electron microprobe JXA-8800R (Figure 5.26).
The backscatter electron image and X-ray mapping show that the silica in root is
exclusively in endodermal cells (Figure 5.26a and Figure 5.26b), the silica in stem
(Figure 5.26¢ and Figure 5.26d) and in husks (Figure 5.26g and Figure 5.26h) is ac-
cumulated mainly in epidermal cells, the silica in leaves is accumulated mainly in
epidermal cells with the highest levels in specialized idioblasts (Figure 5.26e and Fig-
ure 5.26f). These distributions are similar to those observed by Kaufman et al. (1972)
in rice and Lux et al. (2003) in bamboo.

The variation curves of silica contents in different rice organs and amounts of sil-
ica in bulk rice plants are plotted in Figure 5.27 as functions of (1 - f), where f means
the fraction of silicon left in the nutrient solution (including dissolved silicon and the
amorphous silica gel). The silica content in SL and in husks and the amount of sil-
ica accumulated in bulk rice plant all show positive correlations with (1 - f). In other
words, the amount of accumulated silica in bulk rice plant and silica contents in SL
and husks all increased gradually as the silicon concentration of the nutrient solution
decreased.

Different correlation is observed between the silica content in roots and (1 - f).
The silica content in roots increased significantly from 0.44% to 3.55%, as (1 - f) in-
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Figure 5.26: The electron micrographs for roots, stem, leave and husks of the rice plants. After Ding
et al. (2008b). a), ¢), e), g) show electron backscattering images for root, stem, leaf and husk, re-
spectively. b), d), f), h) show X-ray mappings of Si in root, stem, leaf and husk, respectively. Bars
represent 100 pm. En — endodermis. Ep — epidermis. Phy — phytoliths.

EBSCChost - printed on 2/10/2023 8:05 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

5.3 Studies on mechanisms of absorption, transportation and precipitation = 191

P02 P03 P04 P05
25 T T 75 &
OR ASLmH G OAc | -1
—_ i
S2°r Z 4 e
< =
L - =
£0r - s
o /./" g
Rl R 12 8
o fa =
= | g
570— ——————— —.—— 1t 3
v~ T T TTT ~-— Q
——d 8
o ] ] ] ] d, s
0 0.2 0.4 0.6 0.8 1 &

1-f

Figure 5.27: Variations of the silica content in different organs of the rice plant and the amount of sil-
ica in bulk rice plant as functions of 1-f. After Ding et al. (2008b). f = fraction of silicon remaining in
nutrient solution (including dissolved silicon and the amorphous silica gel). P02~P05: The samples
of different stages; R — roots; SL — stem plus leaves; H — husks; G — grains; Ac — silica accumulated
in bulk rice plant.

creased from O (the seedling stage) to 0.05 (the tiller stage), and then increased slightly
to 3.67%, as (1 - f) increased to 0.4 (the jointing stage). However, the silica content in
roots decreased from 3.67%, through 2.84%, to 1.43%, as (1-f) increased from 0.4 (the
jointing stage), through 0.69 (the heading stage) to 0.99 (the maturity stage). In other
words, there was a positive correlation between silica content in the rice roots and the
silicon content in the nutrient solution.

To understand this relation, we may recall the model of two silicon components
for bamboo plant (Ding et al., 2008b). It was inferred that there were two silicon
components in bamboo plant: one was the precipitated silica; the other was the dis-
solved silicon in plant fluid. The ratio of dissolved H,SiO, to precipitated SiO, might
be much higher in bamboo roots than in its stem, branch and leaves. As the silica
distribution pattern in different organs of the rice plant (Figure 5.26) is similar to
that observed in bamboo (Ding et al., 2008a), this model may be applicable to rice.
In this condition, the silicon in rice roots might be dominated by dissolved H,SiO,
and the decrease of silicon content in rice roots from the jointing stage, through the
heading stage, to the maturity stage might reflect mainly the decrease of silicon in
the nutrient solution. The results obtained from the rice growth experiment in the
open system (Sun et al., 2008) support also this correlation. The silica content in
the rice roots of the maturity stage was 2.5 times higher (4.98%) for the open sys-
tem (Sun et al., 2008) than that (1.43%) for the closed system, corresponding to that
the silicon concentration of the nutrient solution at the maturity stage was much
higher in the open system (3 mM) than that (0.17 mM) in the closed system. The
increase of silica content in SL and husks may indicate that their silicon was dom-
inated by the precipitated silica, which increased continuously in the rice growth
process.
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The silicon isotope composition of the nutrient solution and the rice plant

The silicon isotope composition of the nutrient solution

The silicon isotope compositions of the nutrient solution sampled at different time
are plotted in Figure 5.28. The 6°°Si value of the nutrient solution increased gradually
from —0.1%o at the start to 1.5%o at the harvest, reflecting the effect of preferential
absorption of light silicon isotope by rice plants.
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Figure 5.28: Variation of silicon isotope compositions of the nutrient solutions. The average values
are plotted. After Ding et al. (2008b).

The silicon isotope composition of the rice plants

The ssilicon isotope compositions of different rice organs and bulk rice plants at various
growth stages are plotted in Figure 5.29. At the seedling stage (P01), the §°°Si values
of SL and roots were 0.7%o and 1.2%o, respectively. At the tiller stage (P02), the 6°°Si
values of SL and roots were —1.9%0 and 0.05%o, respectively, both lower than those
at the seedling stage, reflecting preferentially absorption of light silicon isotope from
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Figure 5.29: Silicon isotope compositions of different organs of the rice plants from various growth
stages. After Ding et al. (2008b). PO1~P05: The samples of different stages. R - roots; S — stem; L —
leaves; SL — stem plus leaves; H — husks; G - grains.
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the nutrient solution. The §3°Si value of SL was much lower than that in the roots.
At the jointing stage (P03), the situation was quite similar to the tiller stage, but the
6°°Si value of SL was slightly higher than that at the tiller stage. At the heading stage
(P04), the 6°°Si value decreased from roots to stem, and then increased from stem,
through leaves, to husks. At the maturity stage (P05), the 6°°Si value decreased from
roots to stem, and then increased from stem, through leaves and husks, to grains. This
trend is generally consistent with the trend observed in the field grown rice (Ding et
al., 2005a). However, the picture presented in this study is more detailed as the §°°Si
values of stem and leaves have been determined separately.

The silicon isotope compositions of different rice organs in the rice plant collected
at maturity stage (P05) are plotted in a cartoon (Figure 5.30) (Sun et al., 2008). It shows
that the plant tissues display large variations in both Si isotope composition and Si
contents. The Si content increases from grain to root to stem to leaf to husk, and the
63°Si value increased from stem to root to leaf to husk to grain. From stem to leaf and
husk, both §°°Si value and SiO, content show trend of increase. Rice grain is the organ
with highest §3°Si value, but lowest Si0, content, indicating that its SiO, was the last
small fraction precipitated from fluid in rice plant. The data of leaves show similar

Figure 5.30: A cartoon picture showing 33°Si values and SiO, contents of different rice organs in
the rice plant collected at the maturity stage. After Sun et al. (2008). a) Mean §°°Si values and Sio,
contents of root, stem, leaf, husk and grain of rice plant, and mean 4°°Si value of nutrient solution.
b) Mean 4%°Si values and SiO, contents of LS (leaf sheath), LBB (leaf blade base), LBM (leaf blade
middle) and LBT (leaf blade top).
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variation pattern that from lower part to upper part (from LS to LBB, LBM, LBT) the
6°°Si value and SiO, content both increase (Figure 5.30).

The 6°°Si values of the bulk rice plant at various growth stages were calculated
from the 6°°Si values and Si fractions of different organs. The results are shown in
Figure 5.31. It was found that at the seedling stage the §°°Si value of bulk rice plant
(0.85%0) was lower than that of the rice seeds (1.8%o), reflecting some contribution of
silicon from the germination nutrient solution. At the tiller stage, the 6°°Si value of the
bulk rice plant (—-1.70%o0) was much lower than that at the seedling stage, reflecting the
preferential uptake of light silicon from the nutrient solution. At the jointing stage, the
6°°Si value of the bulk rice plant (~1.55%0) was slightly higher than that at the tiller
stage, reflecting the raise of 6°°Si value of the nutrient solution. At the heading stage,
the 6°°Si value of the bulk rice plant (—0.83%o) was significantly higher than at the
jointing stage, reflecting the further raise of §°°Si of the nutrient solution. At harvest,
the 6°°Si value of the bulk rice plant (—0.08%0) was equivalent to the value of the
starting nutrient solution, as the silicon fraction left in the nutrient solution became
less than 0.01.
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Figure 5.31: The 6°°Si values of bulk rice plants at various growth stages. After Ding et al. (2008b).
P01-P05: The samples of different stages.

At the seedling, tiller and jointing stages, the 6°°Si values of roots were all higher than
those of SL. At the heading and maturity stages, the §°°Si values of roots were all
higher than those of the stems. This kind of relation is similar to that observed in bam-
boo plants and may be explained with a model of two silicon components in plants
(Ding et al., 2008a,b). From the seedling stage to the maturity stage, the §>°Si values
of roots show a trend of decrease, which may reflect the reducing of dissolved H,SiO,,
to precipitated silica ratio in rice roots.

The 43°Si variations of the silicon in the nutrient solution (63°Siys) and the silicon
absorbed by rice plant (83°Si,,) as functions of (1 - f)

From the obtained data, a plot of §>°Si variation curves for the silicon in the nutrient
solution (6°°Siys) and the silicon absorbed by rice plant (6°°Siy;,) as functions of (1-f)
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Figure 5.32: The °°Si variation curves for the silicon in the nutrient solution (2°Siyg) and the sili-
con absorbed by the rice plant (52°Si,,) as functions of (1 - f). After Ding et al. (2008b). The calcu-
lated 3%°Si variation curves for dissolved Si in the nutrient solution (6%°Siyss), gel like silica in the
nutrient solution (63°Siysc) and silicon instantaneously absorbed by the rice plants (5°Si,,) are
also plotted. f = fraction of silicon remaining in nutrient solution. P02~P05: The samples of different
stages.

is shown in Figure 5.32 (Ding et al., 2008b). In this plot, the (1-f) values are calculated
from the SiO, contents in a nutrient solution in different growth stages, the §*°Siyg
values are measured from a nutrient solution in different growth stages. The §>°Si,,
values are calculated by using following equation:

80Si%, = (6°°Sifp x Allp — 8°°Sikp x ALp)/(Afp — Alp) (5.2)

where Al represents the amount of silica in bulk rice plant at start (P01), AR}, repre-
sents the amount of silica in the bulk rice plant at stage n; §°°Si}p represents the §>°Si
value of silica in the bulk rice plant at start (P01), 6°°Si%, represents the 6°°Si value
of silica in the bulk rice plant at stage n. 6308i2b represents the 6°°Si value of silicon
absorbed by rice plants by stage n.

Accordingly, the silicon isotope fractionation factors between instantaneously ab-
sorbed silicon by the rice plant and dissolved silicon in the nutrient solution, a;,p.nss>
vary in a range from 0.9983 to 0.9995.

This variation may reflect the changes of conditions in the rice growth process. It
is well known that the isotope fractionation factor in the Kkinetic process is generally
related to the temperature and rate of reaction. As their experiment was conducted in
a naturally-lit glasshouse from May to August, the nutrient solution temperature in-
creased as the monthly mean air temperature increased from ~16°C to ~30°C. Mean-
while, the absorption rate of silicon by the rice plant increased, as it grew up gradually.
Considering above conditions, the decrease trend of silicon isotope fractionation be-
tween the nutrient solution and the silicon instantaneously absorbed by the rice plant
is reasonable.
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For comparison, the available data for silicon isotope fractionation factors be-
tween plants and growth solutions for rice, bamboo, banana and diatoms are listed
in Table 5.4. It is noted that all plants absorb a preferentially light silicon isotope from
growth solutions and the silicon isotope fractionation factors are very similar for all
of these plants.

Table 5.4: The silicon isotope fractionation factors between rice, bamboo, banana and diatoms and
growth solutions.

Plant  A%Sip g0 (%0) @ppsel Reference Note

Rice -0.5~-1.6 0.9995~0.9984 Dingetal.,2008b From various growth stages
Bamboo -0.8~-1.4 0.9992~0.9986 Dingetal.,2008a Obtained from 7 plants
Banana -0.6 ~-1.0 0.9994~0.9990 Opfergelt etal., 2006b  Calculated from 52°Sip,.g
Diatoms -0.7~-15 0.9993~0.9985 DelaRochaetal, 1997 Calculated from the data and

standard deviations

P1 - Plant; Sol — Solution.

Implications for the mechanism of Si uptake by rice roots

How plants get silicon from their external environments is an important issue for agro-
nomic, botanical, plant physiological and silicon biogeochemical studies. This issue
consists of two aspects: a) What is the form of silicon absorbed by plant roots; and
b) how roots uptake silicon from the external environment.

For the first aspect, it was suggested long time ago that Si enters plants as water-
soluble H,Si0, (Barber and Shone, 1966). This proposition was supported by labora-
tory and field studies carried out in recent years (Raven, 1983; Mitani and Ma, 2005;
Ding et al., 2003, 2004, 2005a, 2008a,b; Opfergelt et al., 2006a,b). In contrast, Fu et
al. (1998, 2000, 2002) proposed that some plants may absorb silicate particles directly
and selectively from soils. However, this proposal was proven not applicable to rice
(Ding et al., 2005a, 2008b) and bamboo (Ding et al., 2008a). The experimental stud-
ies of Sun et al. (2008) and Ding et al. (2008b) used a nutrient solution containing
water-soluble H,SiO,, which provided a further evidence for uptake of water-soluble
H,SiO, by rice roots.

For the second aspect, two different opinions, i.e., active uptake and passive dif-
fusion, have been raised. Active uptake was considered to play an important role in
rice and wheat by a number of researchers (Ma et al., 2004; Tamai and Ma, 2003; Ma
and Yamaji, 2006; Rains et al., 2006; Ma et al., 2007). It was suggested that Si uptake,
mediated by a specific transporter, was much faster than that of water and was not
affected by transpiration (Ma and Yamaji, 2006). Besides, the Lsil and Lsi2 genes, the
specific transporters for active Si uptake and efflux, were recently discovered in rice
(Ma et al., 2006, 2007).
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However, the Lsil and Lsi2 genes are mainly expressed in roots, but not in SL (Ma
et al., 2006, 2007), implying that they are not responsible for Si transportation and
precipitation in SL. Besides, the silicon uptake system in higher plants was found to
be different to that in diatoms, which required silicon as an essential element (Ma et
al., 2006). Meanwhile, no silicon bearing organic compound has been identified in a
higher plant so far (Knight and Kinrade, 2001). These conditions leave some room for
other mechanisms. It was reported that the distribution of silica (Epstein, 1999; Raven,
2003; Motomura et al., 2004; Henriet et al., 2006) and 6°°Si value (Ding et al., 2005a,
2008b; Opfergelt et al., 2006b) in the stem and leaves of plants is markedly affected
by the transpiration stream, indicating that passive mechanism may be important for
transportation of silicon in stem and leaves of rice, bamboo and banana.

The experimental results obtained by Ding et al. (2008b) highlighted the role of
passive mechanism on slicon uptake by plant roots. It was found that silicon isotope
fractionation factors between plants and growth solutions were all similar in direction
and extent for rice, bamboo, banana and diatoms, indicating that some common and
basic mechanisms, other than genes, may play important role in the silicon uptake
process for a wide range of plants. The passive uptake in the transpiration process may
be regarded as a major candidate of these kinds of mechanisms. The patterns of silica
distribution in roots (mainly in endodermal cells), SL and husks (mainly in epidermal
cells) show also the effects of the transpiration process on silica precipitation in the
rice plant. Besides, the close relation between the silicon content in the rice root and
that in the nutrient solution implies also the important role of the passive mechanism
on silicon uptake.

Recently, Sun et al. (2016) provided more experimental results on Si isotope com-
positions in the process of rice growth under different external silicon concentrations
in hydroponic systems. It was still found that preferential precipitation of light sili-
con isotopes contributes to progressive isotope fractionation along the transpiration
stream that moves from the uptake sites in roots to the transpiration termini in above
ground parts. It was observed also at lower external silicon concentrations, heavy sil-
icon isotopes entered plants more readily than light silicon isotopes. Conversely, at
higher external silicon concentrations, light silicon isotopes entered plants more read-
ily than heavy silicon isotopes.

A model for active and passive Si-uptake components co-existing in a plant was
proposed and applied to maize, sunflower, bamboo and gourd (Motomura et al., 2004;
Mitani and Ma, 2005; Liang et al., 2006; Ding et al., 2008a). Based on the evidence
described above, this model might be also applicable to rice (Ding et al., 2008b).

5.3.2 Silicon isotope studies on bamboos

Bamboos have high silicon content and are widely distributed in sub-tropical and tem-
perate zones, forming an important organic silicon pool (Li et al., 2006). They are sig-
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nificant for landscape conservation (Christanty et al., 1997) and may play an important
role in the silicon cycle. Bamboos are used widely as materials in the food industry,
paper maker, building, handicraft and even medicine. They appear in numerous parks
as ornamental plants. Thus, the contents, forms and distribution patterns of silica in
bamboo were studied by many researchers (Ueda and Ueda, 1961; Takahashi et al.,
1981; Lux et al., 2003; Li et al., 2006). The silicon isotopic method has been used to
delineate the distribute pattern and ways for absorption, transportation and precipi-
tation of silicon in bamboo plants and to understand the effect of silicon absorption
by bamboos on the global silicon cycle (Ding et al., 2008a).

Seven bamboo plants and related soils were collected from seven locations in
China. The roots, stem, branch and leaves for each plant were sampled and their silica
contents and silicon isotope compositions were determined. The silica contents and
silicon isotope compositions of bulk and water soluble fraction of soils were also mea-
sured. Based on the obtained data, the variation patterns of silica contents and silicon
isotope compositions in different parts of bamboo plant were discussed and the sili-
con isotope fractionations in the processes of silicon absorption, transportation and
precipitation in bamboo were delineated.

5.3.2.1 The silica content and distribution in bamboo

The silica contents in different organs of bamboos are shown in Figure 5.33 (Ding et
al., 2008a). The silica contents in leaves vary from 8.12% to 9.95% with an average
of 9.04%. The silica contents in branches vary from 1.21% to 2.04% with an average of
1.78%. The silica contents in stems vary from 0.30% to 0.45% with an average of 0.39%.
The silica contents in roots vary from 0.58% to 1.00%, with an average of 0.79%. The
silicon fractions of different organs of bamboos were calculated from their silica con-
tents and biomass fractions. It was found that leaves contain more than 50% (from
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Figure 5.33: The silica contents in different parts of studied bamboos (after Ding et al., 2008a).

BJ - Beijing; LS — Laoshan, Shandong; PT — Putuo, Zhejiang; CS — Changsha, Hunan. For compari-
son, the results of Lux et al. (2003) on Japanese bamboo (Ja) and Li et al. (2006) on Wuyishan bam-
boo (Wu) are also plotted.
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Figure 5.34: Electron micrographs of the root of bamboo BJ-3. Electron backscattering images (A and
C) and X-ray mapping of Si show that Si is exclusively in endodermis cells (B and D). Bars represent
200 (A and B) and 50 pm (C and D). Ep — Epidermis; En — Endodermis. After Ding et al. (2008a).

52% to 66%) of silica in bamboo. The silica contents in bamboo were found to be
related to their ages. For example, the samples of BJ-1, BJ-2 and BJ-3 belong to same
species, grew in same climatic condition, and in same type of soil, but the older plants,
BJ-1 and BJ-2 have higher silica content than the younger one, BJ-3.

As shown in Figure 5.33, in each studied bamboo the silica content of roots is al-
ways higher than that of the stem, but lower than those of the branch and leaves. The
silica content increases from stem, through branch, to leaves consistently.

The forms and distributions of silica in roots, branch, stem and leaves of BJ-3
were examined by using an electron microprobe. Backscatter electron image and X-
ray mapping show that the silica in root is exclusively in the endodermal cells (Fig-
ure 5.34B and D). The silica in bamboo leaves was found to be accumulated mainly in
epidermal cells, with the highest levels in specialized idioblasts (Figure 5.35E and F).
In the stem and branch of BJ-3 bamboo, silica was found mainly in their epidermal
cells (Figure 5.35A to D).
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Figure 5.35: Electron micrographs of the stem (A, B), branch (C, D) and leaf (E, F) of bamboo BJ-3.
Electron backscattering images (A, C) and X-ray mapping of Si (B, D) show that Si in the stem and
branch is exclusively in epidermal cells. Electron backscattering image (E) and X-ray mapping of

Si (F) show that Si in the leaf mainly in epidermal cells, with the highest levels in specialized id-

ioblasts. Bars represent 50 ym. Ep — Epidermis. After Ding et al. (2008a).
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5.3.2.2 33°Si values of bamboos

As shown in Figure 5.36, the whole variation range of 6°°Si values for the studied bam-
boos is up to 4.1%o, ranging from —2.3%o to 1.8%so. In more detail, the 6°°Si values
of leaves vary from —0.5%o to 1.8%o, with an average of 0.80%so; the §°°Si values of
branches vary from —1.9%o to 0.1%0, with an average of —1.06%o; the §°9Si values of
stems vary from —2.3%o0 to —0.3%o, with an average of —1.40%o; the 6°0Si values of
roots vary from —1.5%o to 0.8%0, with an average of —0.29%oo. This is remarkable com-
pared to the total range of silicon isotope composition in terrestrial samples (7.0%o,
Ding et al., 1996).
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Figure 5.36: Silicon isotope compositions of studied bamboos. After Ding et al. (2008a).

In each bamboo plant, the §°°Si value of stem is the lowest. There is a consistent trend
of the 6°°Si increase from the stem, though branch, to leaves (Figure 5.36), similar to
those observed in rice (Ding et al., 2005a, 2008b) and banana (Opfergelt et al., 2006a).
It is noted that the §°°Si values of roots are higher than those of stems and branches,
but lower than those of leaves. The §°°Si values of bulk bamboo were calculated from
the Si0, fractions and 6°°Si values of different organs of hamboo.

5.3.2.3 SiO, contents and silicon isotope compositions of the soils
The silica contents of the bulk soils vary from 55.37% to 68.39%, with an average of
62.98%, whereas those of water soluble silica in studied soils vary from 0.011% to
0.025%, with an average of 0.016%.

The silicon isotope compositions of bulk soils and water soluble fractions are plot-
ted in Figure 5.36. The silicon isotope compositions of the bulk soils vary from —0.6%0
to —0.2%so, falling in the range of suspended materials in the Yangtze River (Ding et
al., 2004) and Yellow River (Gao et al., 2006) and shale rocks (Ding et al., 1996). This
narrow range is in great contrast to the wide variation of §>°Si values of bulk bamboo
plants.
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The silicon isotope compositions of water soluble fraction in studied soils vary
from 0.4%o to 2.4%o, with an average of 1.16%o, which is significantly higher than
those of the bulk soils. The differences of §°Si values between bulk soil and water sol-
uble fractions of soil may be caused by several processes. Firstly, during the weather-
ing processes of silicate rocks, silicon isotope fractionation occurs between produced
secondary clay minerals and dissolved silicon in solution (Ding et al., 1996; Ziegler et
al., 2005a,b). Compared to the initial silicate rock, the produced secondary clay min-
erals are always depleted in >°Si and the silicon dissolved in pore water is enriched in
305j, Furthermore, the preferential absorption of light isotopes by plants will raise the
6°°Si value of pore water further (Ding et al., 2004). Secondly, the phytoliths in soils
of bamboo growth field should mainly come from the leaves of bamboo. When bam-
boos were collected, their stems and branches were moved out, but their leaves were
usually left on soil surface. According to the results of this study, the leaves of bamboo
tend to be enriched in 3°Si, so the phytoliths in soil should be also enriched in 3°Si.

A positive correlation can be seen between §°°Si values of water soluble silica and
contents of organic matter in soils (Ding et al., 2008a). However, no obvious relation-
ship can be seen between the §°Si value and content of water soluble silica. A positive
correlation is found between §°°Si values of water soluble silicon in soils and those
of bulk bamboos (Figure 5.37), indicating the silicon in bulk bamboo is closely related
to the silicon in the water soluble fraction of soil. Thus, the dissolved silicon in pore
water and phytoliths might be the direct source of silicon absorbed by bamboo roots
(Farmer et al., 2005).

5.3.2.4 Implications for the mechanism of silicon absorption, transportation and
precipitation in bamboo

Si uptake by bamboo root

The results obtained in this study lay some constraints on the issue of silicon uptake

by roots of bamboo.
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Firstly, the distribution of SiO, within the bamboo plant is considered. If the the-
ory of Fu et al. (2000, 2001, 2002) can apply to bamboo, the SiO, should be enriched
in the roots, but depleted in the stem, branch and leaves. However, it is observed in all
studied bamboo plants that SiO, contents increase from the stem to branch and leaves
(Figure 5.33). Although the SiO, content in the roots is slightly higher than in the stem,
it is still much lower than in the branch and leaves. These observations suggest that
direct absorption of silicate particles is not an important way for silicon uptake by
bamboo roots. Instead, as suggested by Sangster and Hodson (1986), water-soluble
silicon is more likely the major form for silicon absorption by bamboo roots.

Secondly, the silicon isotope composition is considered. As we know, there are
generally three kinds of silicon bearing components in soils: a) silica and silicate min-
erals; b) dissolved silicon in pore solution; c) phytoliths (Sauer et al., 2006). The silicon
in soil is dominated (more than 99%) by the silicon in silica and silicate minerals. If
bamboo absorbs silicate particles directly from the soil, the silicon isotope composi-
tion of bulk bamboo should be the same or closely related to those of bulk soil. The
6°°Si values for bulk plants of studied bamboos vary in a wide range from —1.0%o to
1.0%o (Figure 5.37). In sharp contrast, the §°°Si values of the bulk soils vary in a nar-
row range from —0.6%o to —0.2%o (Figure 5.36). Therefore, direct absorption of silicate
particles cannot be applied to bamboo.

To examine the relations between silica in bamboos and dissolved silicon in pore
solution and phytoliths in soils, the §°°Si values of water soluble silicon in soils were
determined and the results are plotted in Figure 5.36 and Figure 5.37. There is a posi-
tive correlation between the §°°Si values of water soluble fractions in soils and those
of bulk bamboos (Figure 5.37), indicating that the dissolved silicon in pore water and
phytoliths in soil are the direct sources of silicon taken up by bamboo roots (Farmer et
al., 2005). This correlation indicates also that a biochemical silicon isotope fraction-
ation exists in process of silicon uptake by bamboo roots. Similar to the observation
made on rice Ding et al. (2005a) and banana (Opfergelt et al., 2006b), the light silicon
isotope is preferentially absorbed when the water soluble silicon is taken up by bam-
boo roots. Based on the difference between the average §°°Si value of water soluble
silicon in soil (1.16%o0) and that of Si absorbed by bamboo (0.01%o0), the silicon isotope
fractionation factor is estimated to be 0.9988.

Another issue is how roots uptake water soluble silicon from soil. In general, there
are two different opinions on this issue, i.e., the active uptake and passive diffusion.
Some researchers suggest that Si uptake and transport in rice is an active process (Ma
et al., 2002, 2004; Tamai and Ma, 2003; Ma and Yamaji, 2006). They think Si uptake,
mediated by a specific transporter, is much faster than that of water and is not affected
by transpiration. Furthermore, a gene (Lsil1) that is responsible for active Si uptake had
recently been reported for rice (Ma et al., 2006). However, as described above, it was
found that the content of the Si and 6°°Si value in bamboo, rice and banana are both
higher at the terminal part of the transpiration stream than other locations of the plant
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shoot, which strongly suggest that a passive mechanism of transportation may be im-
portant for bamboo, rice and banana (Ding et al., 2003, 2005a, 2008a,b; Opfergelt et
al., 2006b). In the passive process, the supply of silicon in bamboo depends on the
availability of Si(OH), in soils of their growth area and the rates of water uptake and
evaporation.

Transportation and precipitation of Si within bamboo plants

As described above, the amorphous silica (opal or silica gel) is the only form of silicon
material found in plants and three types of silica deposits have been recognized in
vascular plants (Sangster and Parry, 1981): 1) silica associated with cell walls; 2) sil-
ica filling the cell lumen; 3) the extracellular deposits. A variety of pathways may be
inferred from the distribution pattern of silica deposits in various plant organs. It was
suggested that silicon is transported subsequently from the roots, through the stem
and branch, to the leaves. It can be polymerized and precipitated to form amorphous
silica along the transpiration stream.

The results of Si contents and silicon isotope composition can place some con-
straint to the mechanisms of transportation and precipitation of Si within bamboo
plants. As pointed out above, the silica content increases from the stem, through the
branch, to the leaves in all studied bamboo plants (Figure 5.33). It is also observed that
in aerial parts of bamboo, silica is always enriched in epidermal cells (Figure 5.35). In
contrast, in roots, the underground part of bamboo, silica is enriched in endodermal
cells (Figure 5.34). These phenomena indicate the important role of transpiration and
evaporation for silica transportation and precipitation in the bamboo plant.

As demonstrated in the experimental results of Li et al. (1995a), the Si isotope
composition of silica precipitated at the beginning can be 1.0%0 lower than that of the
initial dissolved H,SiO,, but 6°°Si value of the last 10% of silica precipitates can be
2.0%o higher than that of the initial dissolved Si(OH),. A similar model was used to
explain the §°°Si distribution pattern observed in the rice plant (Ding et al., 2005a).
This kind of model might be also applied to silica precipitation in bamboo, for a sim-
ilar 6°°Si distribution pattern is observed also in bamboo (Figure 5.36). However, this
model alone cannot explain the whole picture of the silicon isotope variation in bam-
boo. If a simple SiO, precipitation controls the silicon isotope variation in bamboo,
the 6°°Si value in root should be the lowest among all organs of the bamboo plant.
However, in all studied bamboos, the §°°Si values always decrease from root to stem
(Figure 5.36).

Opfergelt et al. (2006b) had found that the silicon isotope composition in banana
root was heavier than the rest of the plant. Based on this phenomenon, they inferred
that comparing to the solution absorbed by roots from the external source, the solu-
tion transferred to the plant shoot was >°Si depleted, and the solution residing in the
root was 2°Si enriched. This postulation can explain the §°°Si decrease from the roots
to the stem of bamboo, but not the §°°Si increase from the stem to the branch and
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leaves. To solve this discrepancy, a model with two silicon components is proposed
(Ding et al., 2008a). One is the accumulated silica precipitate in different organs of
bamboo with the §°°Si value lower than that of the solution entering them. The other
is the silicon residing in plant fluid of different bamboo organs, which has §°°Si value
higher than that of entering solution. The §3°Si value of a bamboo organ is determined
by the 6°°Si values of these two components and their mass fractions (Mp and Mp),
where subscripts P and D designate precipitated and dissolved phases. As an organ
absorbing water and nutrition from soil, roots store a large amount of plant fluid. The
content of plant fluid in roots is normally much higher than those in the aerial parts
of bamboo plants. Therefore, the amount of silicon residing in fluid of roots should be
also much larger than that in fluid of the aerial parts. Meanwhile, the content of accu-
mulated silica precipitate in roots is lower than that in aerial parts of bamboo plants
(Figure 5.34 and Figure 5.35). As a result, the ratio of dissolved H,SiO, to precipitated
Si0, (Mp/Mp) is much larger in the roots than in the aerial parts of bamboo. Thus, the
6°°Si value of total silicon in the roots would be more affected by the silicon residing in
fluid, and the 6°°Si values of total silicon in aerial parts would be more dependent on
the accumulated silica precipitate. This model can explain the trend of the §°°Si de-
crease from the roots to the stem of bamboo, as well as the trend of the §3°Si increase
from the stem to the branch and leaves.

A diagram showing silicon isotope variation in bamboo during the process of SiO,
precipitation from plant fluid is plotted in Figure 5.38. Assuming the silicon isotopic
fractionation in bamboo is a Rayleigh process, the Si isotope variation curves of dis-
solved Si and precipitated Si are also drawn by fitting the data of starting fluid in bam-
boo and precipitated silica in the stem, branch and leaves of bamboo. In view of that,
roots contained a significant amount of dissolved Si; its datum is left out in the fitting
process.

The 6°°Si value of Si absorbed by bamboo (0.01%o), represented by the average
63°Si value of bulk bamboos, is used as a starting value of fluid in bamboo. The average
6°°Si value (1.16%o) of water soluble Si in soil is also plotted. The data points of Si in
roots (R), stem (S), branch (B) and leaves (L) are plotted according to their average
6°°Si values and SiO, fractions. It is assumed that the silica in roots, stem, branch
and leaves precipitated when (1 - f) varied from O to 0.07, from 0.07 to 0.24, from 0.24
to 0.42 and from 0.42 to 1.0, respectively. So their middle values of 0.035, 0.155, 0.33
and 0.71 are used to plot the point of the roots, stem, branch and leaves, respectively.

It is found that by using a fractionation factor of 0.9981 the obtained variation
curves can fit the observed results best. Considering the relation between the observed
63°Si values of bamboo organs and the average 6°°Si values of dissolved Si and pre-
cipitated Si in bamboo organs inferred from variation curves (Figure 5.38), the Mp /My,
ratios are estimated to be about 0.25 in roots, about 10 in stem, and >15 in branch
and leaves. The Mp /M, ratios in various organs of bamboo were not measured in this
study, but the estimated results are consistent with the qualitative observation.
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Figure 5.38: A plot showing silicon isotope variation in bamboo when SiO, precipitated from plant
fluid. The 33°Si value of Si absorbed by bamboo (0.01%o), represented by the average 6°°Si value
of bulk bamboos, is used as a starting value of fluid in bamboo. The average 33°Si value (1.16%o)

of water soluble Si in soil is also plotted. The data points of Si in roots (R), stem (S), branch (B) and
leaves (L) are plotted according to their average 6°°Si values and SiO, fractions. The Si isotope frac-
tionation factor between dissolved Si and precipitated Si in bamboo (ate_s,)) is estimated to be
0.9981. The Si isotope fractionation factor between Si absorbed by bamboo and water soluble Si in
50il (Opam-wa) 1S €Stimated to be 0.9988. The data are from Ding et al. (2008a).

5.3.3 Illl. Silicon isotope studies on other plants

Besides rice and bamboos, a number of crop plants, such as wheat, banana, cucum-
ber and maize, have been investigated also for their SiO, contents and silicon isotope
compositions.

5.3.3.1 Silicon isotope study on the wheat plant

Wheat is a major food resource that is widely cultivated in the world. The silicon iso-
tope compositions of phytoliths in wheat were also investigated (Hodson et al., 2008),
which provided some more information on the distribution pattern of silicon in plants,
although its emphasis was put on the utilization in palaeovegetation and palaeoenvi-
ronmental reconstruction.

Wheat plants were collected in July 2006 at Hill Farm, Warmington, UK. The plants
were beyond the milk ripe stage, were very mature and were harvested in the following
week. Six mature plants were used for phytolith and isotopic analysis. Wheat organs
were separated as follows: culm, rachis, leaf sheaths, leaf blades and inflorescence
bracts. A ‘bulk’ sample was a mixture of all organs to determine the values that would
be obtained from whole plants.
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Si0, content of the wheat organs and bulk wheat

The SiO, contents of wheat organs and bulk wheat are illustrated in Figure 5.39. The
highest SiO, contents are obtained in the leaf sheaths (5.8%) and leaf blades (5.7%)
and lower SiO, contents are observed in the inflorescence bracts (3.8%), culm (1.5%)
and rachis (1.1%). There have been no previous measurements of the silica content of
the rachis, but as this organ is of a similar anatomical structure to the culm, it is not
surprising that it has a similar value.

—=—Si0, (%)
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Figure 5.39: The SiO, contents and 3°°Si values of wheat organs and bulk wheat. Data are from Hod-
son et al. (2008).

Silicon isotopes compositions of the wheat organs and bulk wheat

The 6°°Si values of wheat organs and bulk wheat are shown also in Figure 5.39. In-
creasing trends can be observed from culm (-1.4%o) to leave sheath (0.53%o) and leaf
blade (2.14%o0), and from culm (-1.4%o) to rachis (-1.28%o) to inflorescence bracts
(0.55%0). The highest 63°Si value is found in the leaf blade (2.14%o). The bulk sample
has 6°°Si value of 0.58%o.

Implication on silicon transport routes

It is apparent that there are two main routes for Si transport within the wheat plant,
and that heavier isotopes increase towards the end of both routes: 1) culm — leaf
sheath — leaf blade; and 2) culm — rachis — inflorescence bracts (Hodson et al.,
2008). A similar pattern was reported by Ding et al. (2005a) on rice, which showed
also the accumulation of heavy isotopes in the upper parts of the plant. Essentially,
this would involve the lighter 28Si isotope being more reactive, and thus more likely
to be deposited in SiO,. Thus, in wheat, proportionately more 2Si isotope would be
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deposited in the culm, and a greater proportion of 3°Si would continue in the transpi-
ration stream to the leaf sheath. In the sheath, the same fractionation occurs, leading
to an even greater concentration of heavier isotopes in the leaf blade. A similar process
would explain the higher §°°Si in the inflorescence bracts.

5.3.3.2 Silicon isotope study on the banana plant

Banana is an important economical and nutritive resource for many human commu-
nities in tropical areas and is also a Si-accumulator plant (Lahav and Reuveni, 1995).
Opfergelt et al. (2006a) studied silicon isotopic fractionation between plant parts in
the banana cropping system and compares these preliminary results with previous
data obtained from hydroponics.

Si0, contents in different organs of the banana plant

Silica content in both natural and hydroponic plants vary in a range from 0.7% to
4%, with the highest value in the leaves (Figure 5.40). Moreover, SiO, contents of in
situ banana leaves are higher than in hydroponics (4% vs. 3%, respectively). Although
the latter were continuously supplied with a solution highly enriched in Si (47 mg/L),
this slight difference must be related to the age of the plant (around 10 months in situ
and 44 days in vitro) and to the soil conditions. Banana from Cameroon accumulated
silicon during a longer time period and was grown in an Andosol rich in weatherable
aluminosilicates (Delvaux, 1989). This general behavior is comparable to existing data
on bamboo by Ding et al. (2003) who showed an increasing SiO, content (38% to 72%)
from stem to branch and leaf, correlated to an increase of isotopic compositions in the
plant.
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Figure 5.40: 52°Si values (diamonds) and SiO, content (squares) in banana organs. In situ analyses
are shown in open symbols and in vitro analyses are in filled symbols. After Opfergelt et al. (2006a).
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Silicon isotope compositions of different organs of the banana plant

In banana from Cameroon (in situ), 6%°Si varied between +0.13%o and +0.49%o in
petioles and lamina, respectively (Figure 5.40). This shows a trend of gradual 6°Si
increase of 0.36%0 from petioles to midribs and lamina. This trend towards heavier
isotopic compositions in the upper parts of the plant is remarkably similar to the one
observed on in vitro bananas, even if the §?Si change from pseudo-stems to leaves
is slightly lower in hydroponics (0.26%0; Opfergelt et al., 2006a). Differences between
silicon isotopic compositions in banana from Cameroon (+0.13%o to +0.49%0) and hy-
droponics (—0.70%o to —0.44%0) are attributed to different isotopic sources signatures.
The hydroponic bananas were supplied by a H,SiO, solution with an isotopic compo-
sition of —0.02%o (Opfergelt et al., 2004). No isotopic data are yet available for the Si
source in Cameroon but more positive isotopic signatures may be expected as usually
observed in continental waters (De La Rocha et al., 2000; Ding et al., 2004).

5.3.3.3 Silicon isotope study on the cucumber plant

The distribution characteristics of silicon isotopes in cucumber, which is considered
to be a representative of a more passive silicon uptake (Liang et al., 2006), were also
studied in the laboratory for understanding the effects of different silicon concentra-
tions in nutrient solutions on silicon absorption and utilization (Sun et al., 2016).

In the experimental investigation (Sun et al., 2016), the cucumber plant was
grown hydroponically at different external silicon concentrations. The SiO, contents
in various organs of individual cucumber plants were 0.21% to 0.89%, 0.24% to 1.11%,
and 0.51% to 3.68% at 0.085 mM, 0.17 mM and 1.70 mM external silicon concentrations,
respectively. The ranges of 63°Si values in cucumber organs were —1.38%o to 1.21%o,
-1.33%o0 to 1.26%0 and —1.62%0 to 1.40%o at 0.085 mM, 0.17 mM and 1.70 mM external
silicon concentrations, respectively. A general increasing trend in SiO, contents and
6°°Si values from lower to upper plant parts reflected the preferential incorporation
of lighter silicon isotopes from transpired water to biogenic opal.

The data on 6°°Si values for the whole plants and nutrient solutions indicated that
biologically mediated silicon isotope fractionation occurred during silicon uptake by
roots. At lower external silicon concentrations, heavy silicon isotopes entered plants
more readily than light silicon isotopes. Conversely, at higher external silicon concen-
trations, light silicon isotopes entered plants more readily than heavy silicon isotopes.

5.4 Studies on silicon source and genesis of ore deposits

Silicon isotopes have been applied in various types of ore deposits as a useful tool
to trace the source of silicon and other related metals and to unravel the ore-forming
conditions and ore genesis. In this section, we will summarize the application of sili-
con isotopes in the study of ore deposits, including banded ion formation (BIF), sed-
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imentary exhalative submarine—hydrothermal Pb—Zn deposits (SEDEX), magmatic—
hydrothermal Pb-Zn deposits, Sn deposits, W deposits and Au deposits.

5.4.1 Banded iron formation (BIF)

Banded iron formations (BIFs) are marine chemical sedimentary rocks that formed
periodically throughout the Precambrian (mostly 3.8-1.8 Ga) and are usually char-
acterized by alternating iron-rich (haematite, magnetite and siderite) and silica-rich
(chert, jasper) layers with a thickness varying from micrometres to metres. Some of
these types of iron deposits, such as those occurring in the Hamersley basin in west-
ern Australia, show laterally contiguous layers up to a hundred kilometers in distance
(Trendall, 2002). The peak in BIF occurrence between 2.5 and 2.3 Ga appears to corre-
late with major changes in the Earth’s history such as the rise of atmospheric oxygen
and the change from anoxic to oxic conditions in the ocean (Canfield et al., 2005; Hol-
land, 2006).

5.4.1.1 Silicon isotope variation in BIF

Jiang et al. (1993) was the first to carry out silicon isotope study on cherts of BIF.
They studied the Archean banded iron formation in the Gongchangling iron deposit in
Liaoning Province and found different silicon isotopic compositions for the host rocks
and the iron ores, with the latter showing a large variation and negative §°°Si values
(Figure 5.41).

The Gongchangling iron deposit is located in the An-Ben area, Liaoning Province,
which is one of the largest BIF-type iron deposits in China. The iron ores occur within
metamorphic rocks of the Archean Anshan Group and this deposit has been consid-
ered as an Algoma-type BIF. In the Gongchangling iron deposit, a number of host rocks
were analyzed for their silicon isotopic compositions, which show a generally small
63°Si variation from —0.4%o to +0.2%o. For example, the migmatitic granite samples
show 6°°Si values of —0.3%o to +0.2%o, and a quartz separate has a 6°°Si value of
—0.1%o0, which falls within the range of granitoid rocks worldwide. Plagioclase amphi-
bolites from the upper ore-bearing zones show 6°9Si values from —0.6%o to —0.2%o,
falling within the variation range of mafic rocks worldwide. Amphibole schists from
the lower ferruginous schist horizon show §°°Si values of —0.1%o to +0.1%o, which are
slightly lower than those of plagioclase amphibolites. One micaceous quartzite from
the upper leucogranulite layer has a §°°Si value of —0.4%o, whereas one biotite gran-
ulite sample from the marker horizon K bed in the deposit has a 6°°Si value of —0.3%o.
One quartz schist sample has 6>°Si value of 0%o, and one quartz separate from a mica-
ceous quartzite has a §°°Si value of +0.1%o. In contrast to the 6>°Si values of the host
rocks, the quartz from the magnetite—quartzite ores both from the lower and upper
ore zones show more negative §°°Si values from —0.9%o to —2.2%o (Figure 5.41).
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Figure 5.41: Diagram showing distribution of 6°°Si values for a variety of rocks and minerals in the
Gongchangling iron deposit from Liaoning Province. Data are from Jiang et al. (1993).

Silicon isotope study of the BIFs from more than 20 iron deposits in Precambrian
strata in North China Craton are also carried out (Li et al., 2010; Hou et al., 2014).
All the BIF deposits regarding their ages and types show similar §°°Si values from
—2.0%o to —0.3%o, with an average of —0.8%o. Oxygen isotopic compositions are also
measured for the same samples; the results show that the quartz in BIF has high 680
value from 8.1%o to 21.5%o. Both the silicon and oxygen isotopes are similar to those
of seafloor black smokers, hot spring sinters and hydrothermal exhalatives.

André et al. (2006) reported significant Si isotope variations in ca. 3.8 Ga cherts
and associated rocks from the Isua Greenstone belt, yielding a wide range §°°Si of
—2.8%0 to +0.7%o0 with majority of them having negative values, providing insights
into the Early Archean silicon cycle. van den Boorn et al. (2007) reported a large range
(2.7%0) of silicon isotopic compositions from —1.6%o to +1.1%o0 of Early Archean (3.5
3.0 Ga) cherts from the Pilbara Craton, Australia. Samples from individual outcrops or
even on the scale of laminae show the §°°Si difference of 1.5%o to 1.8%o.

5.4.1.2 Silicon isotopes as evidence for sea-floor hydrothermal origin of BIF

The origin of BIF has long been debated, and there is a growth number of evidence to
support that the banded silicon-rich and iron-rich formations were precipitated from
sea-floor hydrothermal fluids (Derry and Jacobsen, 1990; Bau and Dulski, 1996; Stein-
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hoefel et al., 2009; Hou et al., 2014). They should be formed by chemical precipitation
from turbulent seawater fed by submarine hydrothermal vents, instead of being de-
posited directly through a volcanic eruption like the surrounding host rocks.

The quartz from the magnetite—quartzite ores both from the lower and upper ore
zones in the Gongchangling iron deposit show negative §°°Si values from —0.9%o to
—2.2%0, which are similar to those values of siliceous precipitates from modern sea-
floor hydrothermal vents and hot springs (Ding et al., 1996 and references therein),
which led Jiang et al. (1993) to conclude that quartz from the iron ores were originally
siliceous precipitates resulting from sea-floor hydrothermal activity. The inferred high
concentration of silicon in the Archean ocean has been well supported by much evi-
dence. For example, studies on the geochemistry and oxygen isotopes demonstrated
that the temperature of the Archean seawater was in the range of 50-70°C. Appar-
ently, at such high temperatures, the solubility of silica in seawater might reach up to
(10 — 110) x 10~® (Maliva et al., 2005). Initially, amorphous silica precipitates from the
seawater and has been transformed later into chert with burial (Maliva et al., 2005).

Van den Boorn et al. (2007) analyzed cherts from the Early Archean Pilbara Cra-
ton and suggested that those cherts with negative §°°Si values have a predominance
of hydrothermal derived silica, in contrast to the positive 6°°Si cherts that may have
derived from seawater or precursor volcaniclastic sediments. Steinhoefel et al. (2009)
carried out both Si and Fe isotope analyses on Zimbabwean Archean BIFs using fem-
tosecond LA-MC-ICPMS. They found that magnetite within the BIF was 56Fe enriched,
chert within the BIF was highly depleted in >°Si and 6°°Fe and 6°°Si values varied
consistently, indicative of precipitation from submarine hydrothermal fluids. The sig-
nificant variations of 6°Si from —1.0%o to —2.6%o in bulk layers suggested rapid pre-
cipitation of the silicate phases from hydrothermal-rich waters, and the changes of Fe
and Si isotope signatures directly reflect the upwelling dynamics of hydrothermal-rich
water, which govern the rates of Fe and Si precipitation and the development of lay-
ering (Steinhoefel et al., 2009). The combination of rare-earth-elements-and-yttrium
patterns and relatively high 6°°Si (up to ca. +0.9%o) confirmed the marine origin of the
cherts across the ~3.42 Ga in Buck Reef Chert (BRC) in the Barberton Greenstone Belt
(South Africa). The observation that the §°°Si of black chert bands show consistently
higher values than co-existing translucent counterparts at the same stratigraphic level
was interpreted as a primary feature acquired during deposition upon interaction be-
tween submarine discharging hydrothermal water and a stratified water body (Geilert
et al., 2014b).

5.4.1.3 Possible models for formation of alternating iron- and silica-rich bands
Holland (1973) suggested that the layering in BIF was due to seasonal or decadal
episodic hydrothermal pulsation and/or upwelling of anoxic, Fe-rich waters (roughly
0.02-0.5mM dissolved Fe(II)) into semi-restricted ocean basins already saturated with
dissolved Si (Maliva et al., 2005).
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Using silicon isotope evidence, Jiang et al. (1993) interpreted the alternating pre-
cipitation of silica-rich and iron-rich bands in BIF of the Gongchangling iron deposit
in Liaoning Province, China. They suggested that each venting of hydrothermal fluids
on to the sea floor brings reduced materials to the seawater to cause a more reduced
and acidic condition which promote silica saturation and precipitation. In between
the gaps of each venting, the ocean becomes more oxidized, and the change of pH
and Eh would induce the oxidizing of Fe?* into Fe** and precipitation of Fe(OH);. The
periodic hydrothermal venting activity then causes the alternating bands in BIFs.

Later on, Ding et al. (1996) and Li et al. (2010) proposed a more detailed model for
the alternating bands in BIF. Similarly, they both suggested the formation of the alter-
native silica-rich and iron-rich bands was related to the periodic venting of hydrother-
mal fluids on to the seawater. When the hydrothermal fluids vented and mixed with
the seawater, colloidal precipitation of silica may occur immediately due to a quick
drop of temperature which led to a saturation of silica in the seawater. The amounts
of silica precipitated contain only a very small proportion due to the high Si concen-
trations in the seawater of Archean ocean, which caused the large silicon isotope frac-
tionation with the precipitated silica having lighter Si-isotopes. This mixing process
would also lead to an increase of the pH and Eh conditions in the seawater. As a result,
some Fe?* would be oxidized into Fe** to form Fe(OH); precipitation. Due to the gen-
eral low oxygen fugacity of the ocean, longer time may have been required to reach a
more oxidized condition to cause Fe>* precipitation.

Because the volume of seawater is much larger than that of the hydrothermal
fluids discharged on the sea floor, variations in the pH value of the seawater would
have been smaller, compared with that of the hydrothermal solutions. As a result, this
would have led to slower precipitation of the silica. Consequently, the banded forma-
tions of Fe(OH); and SiO, could have resulted from the different rate of precipitation
of these two components. Following each discharge of hydrothermal fluids and their
mixing with seawater, various chemical reactions would have caused the Si concentra-
tions and pH values of the seawater to revert to their previous conditions, ready for the
next cycle of precipitation. The high heat flow condition on the Archean sea floor led
to far more frequent and much stronger volcanic and exhalative activities than those
on the present sea floor, and thus created conditions favorable for the formation of
those super large BIF deposits.

5.4.1.4 Did metamorphic overprinting alter the primary Si-isotopic signatures of
BIF?

Jiang et al. (1993) analyzed a number of garnet from the Gongchangling iron deposit,

and found a large §°°Si variation (~1.1%o to +0.1%o) for the garnet samples, which

were thought to form during metamorphism. Two samples collected from the Mine

NO.2 just above the Fe-6 iron ore bed have 6%0Si values of —1.1%0 and —0.4%o, which

are similar to the quartz from magnetite ores and, therefore, their silicon sources may
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derive from the banded iron-silica beds. Two samples from marker K in the sedimen-
tary strata have 6°9Si values of 0.0 and +0.1%o, which are different from those of BIF,
but similar to those host rocks of schists in the iron deposit. Therefore, the silicon to
form these garnets may have directly derived from the host rocks. The §°°Si values of
the garnets also display a good correlation with the SiO, contents (Jiang et al., 1993).

The host rocks of the Gongchangling iron deposit have undergone a high grade
of metamorphism, with the original granite being metamorphosed/migmatinized to
migmatitic granite, and the original mafic—ultramafic volcanic rocks being metamor-
phosed to amphibolites or amphibole schists. From the §3°Si of these metamorphic
rocks, Jiang et al. (1993) found that they share similar values as their unmetamor-
phosed counterparts, for example, the migmatitic granites show a 6°°Si variation of
—0.3%o to +0.2%o, which are similar to those of granitoids (Ding et al., 1996); the 6>°Si
of plagioclase amphibolites vary from —0.6%0 to —0.2%o, falling within those of mafic
rocks on Earth (Ding et al., 1996). The 6°°Si of amphibole schists are from —0.1%o
to +0.1%o, slightly higher than those of plagioclase amphibolites, possibly indicate
a mixing origin of terrigenous clastic rocks and the mafic rocks. It is therefore con-
cluded that the metamorphic overprinting will not alter the primary silicon isotope
signatures, which shed new light to use this tool to distinguish different protoliths of
the metamorphic rocks.

André et al. (2006) also found that postdepositional alteration of Archean cherts,
which possibly affected their original isotopic signatures such as oxygen isotopes
(Knauth and Lowe, 2003), is not expected to have a significant effect on silicon iso-
tope variations. The centimeter-scale variations of §°°Si in a single chert specimen
also indicate that this is the primary feature, not altered by the pervasive secondary
modifications by circulating fluids (André et al., 2006).

5.4.2 Sediment-hosted submarine hydrothermal exhalative (SEDEX-type) deposits

5.4.2.1 Silicon isotope variations in SEDEX-type deposits

In this section, we summarize the silicon isotopic compositions of a number of im-
portant sediment-hosted submarine hydrothermal exhalative (SEDEX-type) deposits
in the world.

Silicon isotopic compositions of the Sullivan Pb—Zn-Ag deposit

The Sullivan Pb—Zn-Ag ore body (British Columbia, Canada) is a classic example of
a SEDEX-type deposit, and silicate minerals (tourmaline, albite, chlorite, biotite) as-
sociated with the formation and post-depositional evolution of the orebody occurring
widespread throughout the deposit (Hamilton et al., 1982; Jiang et al., 1994). Hence
a silicon isotope study of these minerals, together with host sedimentary rocks (Fig-
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ure 5.42), was carried out, in order to trace the silicon source and the origin of the
silicate minerals (Jiang et al., 1994, 2000).

Orebodies of the Sullivan deposit occur as lenses in the middle Proterozoic clastic
rocks of the Aldridge Formation in concordance with the strata (Hamilton et al., 1982).
In plain view, the orebody is approximately round with a diameter of 2000 m. The
maximal thickness of the orebody is 100 m. Tourmalinite is widespread in the deposit,
in particular, in the footwall of the orebody, which shows a funnel shape crosscutting
the sedimentary strata, covering an area of about 1500 x 1000 m? and extending down
for more than 450 m. Tourmalinite also occurs within the orebody and in the hanging
wall, but it is much less abundant than the footwall. Locally, recrystallization of the
tourmalinite can be seen in the vicinity of the albite—chlorite—pyrite altered rocks.

The hanging wall is composed of middle Aldridge sedimentary rocks with pyrite
and some Pb-Zn sulfide beds intercalated within them. Above the vent complex, the
hanging wall is altered to albite—chlorite rocks in association with pyrite and carbon-
ates, extending up to 100 m thick. It is considered that the albitization was earlier,
probably caused by an uprising flow of a brine rich in sodium, whereas the chloriti-
zation was slightly later, being formed through mixing of seawater rich in magnesium
with a hydrothermal solution rich in silicon.
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The clastic metasedimentary rocks of the lower Aldridge Formation that host the
Pb-Zn orebody have the §°°Si values of 0.0%o to +0.1%o, similar to that obtained from
other clastic sediments (Ding et al., 1988a; Jiang et al., 1992, 1993). One sample of gab-
bro shows a 6°°Si of +0.2%o, which is similar to the values of gabbros from the Panzhi-
hua magmatic iron deposits in Sichuan Province, China (+0.1%o to +0.3%o0, Ding et al.,
1996).

There are two types of tourmalinite occurrences in the Sullivan deposit
(Slack, 1993; Slack et al., 2000). The first type is the funnel-like tourmalinite alteration
pipe in the footwall, and the second type is represented by the stratiform tourmalinite
and garnet-rich tourmalinite within the orebody and in the immediate footwall or
hanging wall. Three samples from the deep footwall tourmalinites all give the same
63°Si value of 0.0%o and one sample from the shallow footwall tourmalinite gives a
6°°Si value of —0.3%o, whereas the second type of tourmalinites yield 6°°Si values
of —0.1%o to —0.5%o. Two samples of albite have §°°Si values of +0.1%o0 and —0.2%o,
respectively. One garnet-rich sedimentary rock has a 6°°Si of 0.1%o. The biotite and
chlorite-rich rock samples from alteration zones have 63°Si values of —0.4%o to —0.5%0
and -0.4%o to —0.6%o, respectively, whereas two albite-rich rocks have 63°Si values
of +0.1%o0 and —0.2%o. Two quartz samples from quartz—sulfide veins in the Sullivan
deposit have §°°Si values of —0.2%o.

Silicon isotopic compositions of the Devonian stratiform Pb—Zn deposits
in the Qinling orogenic belt, northwestern China
Alarge number of stratiform Pb—Zn deposits occur in the Devonian sedimentary rocks
in the Qinling orogenic belt. A lot of geological and geochemical work on this ore belt
has been carried out (e.g., Zhang et al., 1988; Zhang, 1991; Xue, 1991). This metallo-
genic belt was developed in a Palaeozoic intercontinental or epicontinental rift basin
between the North China Craton and the Yangtze Craton. Most of the Pb—-Zn sulfide
ores are hosted within the middle and upper Devonian rocks. Most of the orebodies
show stratiform, stratiform-like or lenticular occurrence, and vein-type ores are also
present in some of the deposits. The typical ore structures include massive, banded,
brecciated, lumpy, disseminated, veinlet and stockwork. The major sulfide minerals
include sphalerite, galena, pyrite, with only minor chalcopyrite. The gangue minerals
are mainly quartz, calcite and ankerite with a minor amount of siderite, barite and flu-
orite. A characteristic suite of siliceous rocks and bedded rocks rich in albite, scapolite
and barite is present among the host rocks, which give important indications concern-
ing the ore genesis (Jiang et al., 1995). A number of geochemical and isotopic studies
suggest that these deposits may have formed primarily through sea-floor hydrothermal
exhalative sedimentation, and then they may have also undergone late hydrothermal
alteration and metamorphic overprinting.

It is of great importance in the study of these ore deposits for a better under-
standing on how this suite of siliceous rock, albite, scapolite and barite-rich rock were

printed on 2/10/2023 8:05 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

5.4 Studies on silicon source and genesis of ore deposits =— 217

"C‘)' @ Vein quartz
i Feng-Tai 6_ S .,' .'I Zha-Shan A Scapolite
—_ \ -~ : :
ég L o~ N, O\\ Bak Y O Chert
by / B o oz
= . > \é \__'_\( _’ . \ H Quartz lump
F 20k N, "\ - H .
o il \ EE ' B Siliceous rock
2 \ [ ' \
w B \-\- o O.»’ “ 2 . * Silicification Ls
9 . :
~E : \ + Scapolite slate
oy \
L © o +
N A
1 © Il
; =
15 A -
L 1 1 L L [ L L l [ ] Il [l 1
-0.5 -0.0 0.5
~ 30 s
07" Siyps.2e(%00)

Figure 5.43: The 580 vs. 3°°Si diagram for rocks and minerals from the Devonian stratiform Pb-Zn
deposits in the Qinling orogenic belt, northwestern China. After Ding et al. (1996).

formed. Hence, a silicon isotope study (Figure 5.43) has been carried out to provide a
new constraint for the genesis of these rocks and the associated ore deposits (Li et al.,
1995b; Xue et al., 1998).

Siliceous rocks are the major host rocks of the Devonian Pb—Zn deposits at Qin-
ling. These rocks are stratiform, stratiform-like or lenticular, occurring in the tran-
sitional zone between limestones of the middle Devonian Gudaoling formation and
phyllite of the upper Devonian Xinghongpu formation, conformable with the strati-
graphical succession and they suffered simultaneous folding as the surrounding sed-
imentary rocks. The siliceous rocks are fine grained and compact, with a dark grey to
grey-black colour and are mainly composed of microcrystalline quartz and with mi-
nor amounts of ankerite, siderite, sericite, chlorite and organic matter. Laminations
are well developed in the siliceous rocks composed of organic and argillaceous lami-
nae, quartz—ankerite and siderite laminae, and quartz—sulfide laminae. The siliceous
rocks show a total §°°Si variation from —0.6%o to —0.3%o, while the §'80 values vary
from 18.6%o to 21.0%o. These samples form a group with higher 620 and lower 6°°Si
values in Figure 5.43.

Albitite rock is also a major host rock for the sulfide ore body in the Zha-Shan dis-
trict at Qinling. This type of rock shows a grey, blue-grey and yellowish pink colour.
The major constituent minerals include albite, quartz and ankerite with accessory
tourmaline and apatite. The percentage of albite is commonly 40-60%. Some of the
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albite are microcrystalline with a grain size of 0.01-0.1 mm, and most of the albite are
aphanitic with grain size of 5-10 pm. The percentage of quartz is 30-40%, with similar
grain size as those of aphanitic albite. Tourmaline is generally a minor mineral with
an abundance of 3-5%, and may reach up to 10% locally. These rocks show banded
or lamellar structures, and the thickness of individual laminae varies from 1 to 8 mm.
The albitite rocks show a §°°Si values of —0.4%o to +0.2%o, with a §'80 variation from
16.0%o0 to 17.1%o.

The scapolite-bearing rocks are quite distinct and occur in the Yindongzi and
Tongmugou deposits of the Zha-Shan district at Qinling. These rocks occur as
interbedded layers within the ore-bearing rocks and in the immediately footwall
of the ore body. The rocks are dark-grey or greyish white, and are composed of scapo-
lite and biotite with minor amounts of chlorite, quartz, calcite, albite, siderite and
dravitic tourmaline. The scapolite is mostly wernerite which is granular, tabular and
subhedral in shape. The scapolitic rocks show 63°Si values of —0.7%o to +0.2%so, with
a 680 variation from 15.1%o to 20.0%po.

The quartz veins occur in the Feng-Tai district with a close association with
siliceous rocks. The §°°Si values of these vein quartz samples vary from —0.5%o to
—0.1%o, which are similar to those of surrounding siliceous rocks. Their §'80 values
vary from 20.6%o to 22.6%0, slightly higher than those of siliceous rocks (19.4%o to
21.0%o0).

Silicon isotopic compositions of the Langshan Cu—Pb-Zn polymetallic mineral
deposits, Inner Mongolia, NW China
The Langshan district (Inner Mongolia, NW China) is one of the most important Cu—
Pb-Zn polymetallic mineral districts in northwestern China. A total of 12 important
polymetallic ore deposits have been explored in this district. The five large scale de-
posits include the Hougeqi, Dongshengmiao, Tanyaokou and Jiashengpan (Ding and
Jiang, 2000). The basement rocks in this district consist of the upper Archean Wu-
lashan Group of granulite, migmatite, gneiss, quartzite and marble, and the lower
Proterozoic Seertengshan Group of green schist and magnetite-bearing quartzite and
the Erdaowa Group of chlorite schist, sericite schist, hornblende anorthosite and
magnetite quartzite. The ore-bearing strata include the middle Proterozoic Zhaertai
Group. Orebodies in the district are mainly bedded and lenticular. The major ore min-
erals include pyrite, pyrrhotite, chalcopyrite, sphalerite and galena, with some minor
amounts of marcasite, aresenpyrite, cattierite, bornite and cobaltite. The gangue min-
erals include calcite, dolomite, siderite, quartz and chlorite. The metals of Cu, Pb, Zn
show clear zonations in vertical and lateral direction both in the regional and deposit
scales.

Ding and Jiang (2000) reported 63°Si and 6§80 data for quartz and silicate min-
erals in rocks and ores from the Tanyaokou, Dongshengmiao and Jiashengpan ore
deposits; the results are presented in Figure 5.44. Three samples of quartz from
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Figure 5.44: The relationship between 3°Si and 480 values of quartz and silicate minerals from the
Langshan ore district. | — Quartzite; Il — Quartz vein and siliceous band; Ill - Biotite and phlogopite;
IV - Siliceous band in marls. After Ding and Jiang (2000).

quartzites show §'¥0 values of 11.5%o to 14.2%o, and 6°°Si values of —0.2%o to 0%o,
indicating their protoliths of normal quartz sandstone. Six samples of chert bands
and quartz lumps show 680 values of 17.2%o to 21.2%o, and 6°°Si values of —0.2%o
to +0.8%eo. Fourteen samples of vein quartz give 6180 values of 11.5%o to 23.1%o,
and 6°°Si values of —0.2%o to +0.5%o, which are close to their country rocks. These
results may imply that these quartz veins might have formed with locally derived
silica from country rocks during the hydrothermal processes under a low water/rock
ratio.

Four biotite samples show §'®0 values of 7.8%o to 12.7%o, two of them show §°°Si
values of —0.2%o and —0.4%o. Two phlogopite samples give 6'0 values of 12.0%o and
12.7%o, and 6°°Si values of —0.2%o and —0.5%o. Two chlorite samples show 6§80 val-
ues of 5.4%o0 and 4.2%o. In order to study the oxygen and silicon isotope fractionation
among co-existing silicate minerals, quartz, biotite and phlogopite in one specimen
(D-14) were analyzed both for the 680 and 6°°Si values. The 60 values for these three
minerals are 18.0%o, 11.5%0 and 12.0%o, respectively, and a temperature of 437°C is
calculated from oxygen isotope fractionation between quartz and biotite, which is sig-
nificantly higher than the fluid inclusion temperature (347°C), and possibly indicating
fully oxygen isotope equilibrium has not been reached during their formation. The co-
existing quartz, biotite and phlogopite show 6°0Si values of 0%o, —0.4%o0 and —0.2%o,
which is in similar enrichment order as those of oxygen isotopes, but the fractionation
of silicon isotopes is too small to be used to estimate the forming temperature of these
minerals at this stage.

printed on 2/10/2023 8:05 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

220 —— 5 Several aspects of silicon isotope applications

Silicon isotopic compositions of the bedded chert deposits below the Ni-Mo sulfide
ore bed in the Ediacaran—Cambrian transition in South China

In the Yangtze platform, a succession of black rock series occurs including chert, phos-
phorite, Ni-Mo sulfide bed, barite and black shale (Jiang et al., 2003; Chen et al.,
2009). A number of studies on the polymetallic Ni-Mo ores and barite deposits were
carried out with two major contrasting genetic models proposed: one is the subma-
rine exhalative hydrothermal origin model (Lott et al., 1999; Jiang et al., 2003; Chen et
al., 2009) and the other is the seawater precipitation origin model (Mao et al., 2002).
Similarly, the origin of these chert deposits at the Precambrian—Cambrian boundary
has also been regarded as either hydrothermal (Li and Gao, 1996; Li, 1997) or marine
(biogenic) origins (Guo et al., 2007; Chang et al., 2008).

Li et al. (1995c) was the first to report the 6°°Si values of the Precambrian-
Cambrian strata in the Meishucun profile of the Yunnan Province. They found the
interbedded volcanic ash has 63°Si values of 0.0%o to +0.1%o. Negative 6°°Si values
(—=2.1%0 to —0.2%0) are observed for siliceous materials in the siliceous dolomite and
phosphorite just above the ash bed, which have been suggested as an indicator for hy-
drothermal input of Si (Li et al., 1995c). The negative §°°Si values were also observed
in other stratigraphic sections in South China, such as the Sancha and the Taojiang
sections in Hunan Province (Wang and Chen, 1996; Jiang and Li, 2005).

Fan et al. (2013) sampled cherts from the Yinjiang section of northeast Guizhou
Province and the Chuanyanping section of western Hunan Province, South China.
Four intervals (I to IV) of chert are distinguished. The first interval chert samples with
a thin-layer structure show positive Si isotopic compositions from +0.2%o0 to +0.7%o
(Figure 5.45). The second interval chert samples, locating on the K-bentonite layer,
yield negative §°°Si value in the narrow range from —0.3%o to —0.5%o. The §°°Si val-
ues of the third interval cherts (+0.1%0 to +0.7%o0) are consistent with those of the
first interval cherts. The 6°°Si value achieves a peak of +1.2%so in the fourth interval,
which is similar to that of modern chemical sedimentary rocks (De La Rocha et al.,
1997). The 6°°Si values of the K-bentonites (0%o to +0.1%o) is close to modern felsic
rocks (~0.1%o, Ding et al., 1996; —0.12%o, André et al., 2006). The §°°Si value of black
shales on the top of the fourth interval cherts is +1.0%o, similar to that of the fourth
interval chert samples.

5.4.2.2 Silicon isotope fingerprinting of the sea-floor exhalative hydrothermal
origin

It is suggested that the stratiform tourmalinite, especially spessartine- and sulfide-
rich varieties within and immediately underlying the Sullivan deposit, are thought to
have formed by syngenetic-exhalative processes coeval with local clastic sedimenta-
tion and formation of the bedded Pb-Zn-Ag ores (Slack et al., 2000).

This type of tourmalinite from the Sullivan deposit shows a 6°°Si range from
—0.5%o to —0.1%o. Similar 6°°Si values are obtained for one stratiform tourmalinite
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(Neg-2) from the Neg Lake prospect (6°°Si = —0.3%o) and one spessartine-rich tourma-
linite from the North Star hill (JS-93-48) just below the projected horizon of the North
Star massive sulfide deposit (62°Si = —0.5%o). These §°°Si values are different from the
sedimentary rocks, but similar to those obtained from hydrothermal siliceous precipi-
tates formed on the sea floor (Ding et al., 1988a, 1996). The silicon isotope data clearly
support the hypothesis of their formation by means of syngenetic hydrothermal ex-
halation. It is most likely that the negative §°°Si values of this type of tourmalinite
(~0.5%0 to —0.1%o0) result from various amounts of mixing of hydrothermal and de-
trital components, rather than reflecting a purely hydrothermal component like the
banded iron formation we discussed above, because the chert or magnetite—quartz
beds in the Precambrian banded iron formations, which probably contain little or no
detrital silica, have more negative 6°°Si values (—-2.2%o to —0.9%uo, Jiang et al., 1993)
than those of the Sullivan stratiform tourmalinites.

Mn-rich (spessartine) garnet is regarded as an indicator mineral for exhalative hy-
drothermal activity. Spessartine garnet-rich tourmalinite is locally present in the shal-
low footwall of the Sullivan orebody, and their occurrence may indicate the former
existence of a brine pool prior to exhalative Pb—Zn mineralization (Slack et al., 2000).
It is suggested that these garnet-rich tourmalinites may have originated either from
exhalative precipitation of the Mn-borate minerals jimboite and sussexite, which re-
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acted with detrital clays and hydrothermal carbonates during diagenesis and/or meta-
morphism to form a tourmaline—spessartine assemblage, or from exhalative precipi-
tation of boron and manganosiderite that similarly reacted with detrital clays to form
spessartine-rich tourmalinites (Slack et al., 2000). Previously, it is thought that the Al
in the spessartine garnet and tourmaline was provided by detrital clays (Slack et al.,
2000). However, the silicon isotope data of the garnet-rich tourmalinite suggest a hy-
drothermal component for the Si, arguing against a wholly detrital source for the Si,
and possibly for the Al also.

Ethier and Campbell (1977) proposed a hydrothermal colloid or gel origin for the
tourmalinites at Sullivan. It is likely that hydrothermal colloids or gels were precur-
sors to at least some tourmalinites associated with coticules or sulfide in the shallow
footwall and hanging wall of the Sullivan deposit, including those that have negative
630Si values (—0.5%o to —0.1%o0); some of these tourmalinites also display a distinctive
spheroidal texture that is consistent with a colloidal/gel origin (Slack et al., 2000).

The silicon isotope data (—0.6%o to —0.3%0) of the siliceous rocks from the Devo-
nian stratiform Pb—-Zn deposits in the Qinling orogenic belt, northwestern China also
suggest these rocks are of submarine hydrothermal exhalative in origin. In the Qin-
ling area, the siliceous rocks are often closely related to limestone, indicating they
should have formed in a shallow marine condition. The relatively high contents of
ankerite and siderite, and Al, Ti, K and Na as well, support the idea that these rocks
were formed through a chemical process of precipitation rather than a biochemical
process like those of diatomaceous siliceous rocks. Moreover, no radiolaria and di-
atoms have been found, although organic matter is contained in the siliceous rocks.
Hence, the contribution of siliceous organisms to the formation of these rocks is equiv-
ocal. The oxygen isotope data of the siliceous rocks also support their formation by
chemical precipitation in a marine environment, with their 580 values from 18.6%o
to 21.0%o which are higher than those of sandstone and lower than those of biogenic
opaline rocks. Generally, only the §'®0 values of microcrystalline quartz precipitated
from sea water under a higher temperature could fall in such an field as plotted in the
diagram (Figure 5.43). Hence, the isotopic compositions of both silicon and oxygen can
be used, with other geological and geochemical evidence, to constrain the submarine
hydrothermal origin of the siliceous rocks at Qinling.

Silicon and oxygen isotopes, in combination with other geological and geochem-
ical evidence, are also applied for those chert deposits and silicified dolomite and
phosphorite in the Precambrian—Cambrian transitional interval in the Yangtze plat-
form, South China, to demonstrate a submarine hydrothermal condition at that time
(Wang and Chen, 1996; Jiang and Li, 2005; Fan et al., 2013). The temperature of the hy-
drothermal fluids present at Precambrian—Cambrian boundary are estimated from the
homogenization temperature of fluid inclusions within quartz that crosscut the Ni-
Mo polymetallic sulfide ore bed in the Lower Cambrian black shales (up to 260°C, Lott
and Coveney, 1996), and from fluid inclusion measurements of the stratiform barite
deposits from Guizhou Province (150 ~ 190°C, Yang et al., 2008). Using the 60 of
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the cherts, Jiang and Li (2005) estimated that the temperature of the mixed fluid re-
sponsible for chert formation from seawater and hydrothermal fluid was 80 ~ 98°C.
The oxygen isotopic composition of the cherts (6180 = 18.1 ~ 22.6%o0) showed a hy-
drothermal characteristic (680 = 20.7 ~ 23.0%o), rather than that of volcanogenetic
cherts, which have lower 620 values of 1.9%o to 9.2%o0 and normal marine cherts that
have higher 680 value of 25.6%o (Jiang and Li, 2005). Significant enrichment in trace
metals such as V, Mo, Zn, As and Ba and positive Eu anomaly also suggested that hy-
drothermal fluid played an important role in governing the geochemical characters of
these cherts from the Precambrian—Cambrian intervals in South China (Jiang and Li,
2005).

Fan et al. (2013) also suggested that the submarine hydrothermal activity is an
important process to explain the vast changes in the oceanic environment during the
Precambrian—Cambrian interval when widespread bedded cherts and massive metal-
lic ore deposits occurred together with the biological diversity. They adopted a mixing
model to explain the formation of cherts with different sources of silicon and various
isotopic compositions as those previously proposed by van den Boorn et al. (2007).
As suggested by van den Boorn et al. (2007), the three end-members may have con-
tributed to the §°°Si variation of the cherts from Precambrian—-Cambrian boundary in
South China: 1) hydrothermal fluids, 2) silicon-rich seawater and 3) volcanic materi-
als. Fan et al. (2013) found that most of the first interval chert samples are Al,O5-rich
(>2.94%), whereas other chert samples are depleted in Al,0; (<2.24%) (Figure 5.45).
The Al,05-rich endmember reflects primarily volcanic or clastic sedimentary mate-
rials with a 6°°Si value of ca. 0%o. The Al,05-poor cherts are interpreted as chemi-
cal precipitation from mixtures of °Si-rich and 3°Si-poor fluid (van den Boorn et al.,
2007, 2010). The negative 6°°Si values (—0.5%o to —0.3%so) in the chert samples resem-
ble the 63°Si values of hydrothermal siliceous precipitates (-0.6%o0 to —0.4%o0, Ding et
al., 1996; Coplen et al., 2002), which is also supported by the positive Eu anomalies,
highly Ba level and unusual correlation between Ce/Ce* and Pr/Pr* (Fan et al., 2013).

5.4.2.3 Using silicon isotopes to distinguish various alteration types and protoliths
Widespread hydrothermal alteration occurs at many SEDEX-type deposits, for ex-
ample, tourmaline, chlorite, albite, biotite, muscovite and carbonate alterations are
present at Sullivan deposit, formed tourmalinite, chlorite-rich rocks and albitite,
which have already lost their primary features of unaltered protoliths. Using silicon
isotopes of these alteration rocks, it is possible to distinguish the types of alterations
and their protoliths.

A funnel-like alteration zone of tourmalinite occurs in the footwall beneath the
orebody at Sullivan deposit, which has been suggested as products of submarine
hydrothermal alteration of clastic sediments of the Aldridge Formation (Slack et al.,
2000). Textural evidence shows selective replacement of clay and/or feldspar in the
matrix of siltstones and argillites by tourmaline, and the trace element distribution
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patterns of this type tourmalinite are also similar to the unaltered Aldridge metased-
iments (Slack et al., 2000). During the metasomatic alteration of the argillite to form
tourmalinite, addition of B, Mg and Mn and depletion of Na, K and Ca occurred; there
was also a moderate amount of Fe introduced. The source of Al and Si in the tourma-
linites is from in situ clastic sediments (Slack et al., 2000). This alteration model for
the tourmalinite formation is supported by the study of silicon isotopic compositions.
For instance, all three samples taken from the funnel-like altered zone of the tour-
malinite show 6°°Si value of 0%o, which are consistent with the §°°Si values (0%o to
+0.1%0) for samples of metasedimentary rocks in the mine area. It seems to indicate
that these alteration rocks may have an inherited silicon isotope signature from their
original sedimentary rocks.

Chlorite and albite alteration are also widespread in the Sullivan deposit, espe-
cially in the hanging wall of the Sullivan orebody. A body of albite—chlorite—pyrite
altered rock extends from just below the orebody to 150 m stratigraphically above it
at Sullivan. The chlorite-rich rocks locally contain substantial (10-20%) garnet and
minor biotite. A sample of low-Mn garnet-bearing chlorite rock (397-1) from the hang-
ing wall of the Sullivan orebody has a whole-rock §°°Si value of +0.1%o. This value is
distinct from those of the spessartine and sulfide-bearing tourmalinites of hydrother-
mal exhalative origin, but very similar to the §°°Si values of the clastic metasedimen-
tary host rocks, indicating that in this case the Si is derived from in situ clastic sedi-
ments and that this garnet-bearing chlorite rock is the product of alteration of normal
Aldridge sediments.

It is suggested that the albite—chlorite—pyrite alteration in the hanging wall of
the Sullivan orebody formed by hydrothermal overprinting of part of the hanging
wall tourmalinite zone and by the alteration of adjacent Aldridge sediments (Turner
and Leitch, 1992; Shaw, 1993). Two chlorite-rich rocks (4209-1 and 93SY-84-3) from the
hanging wall albite—chlorite—pyrite alteration zone close to the main massive sulfide
orebody have 6°0Si values of —0.6%o0 and —0.4%o. Two possibilities exist for these
negative §°°Si values: one is the chlorites may have formed by the replacement of
hydrothermal-exhalative tourmalinites; the second possible model is incorporation
of hydrothermal silicon from fluids to form the albite—chlorite—pyrite altered rocks.
If the former is correct, then this would indicate that precursor tourmalinites at the
hanging wall also represent a boron-rich hydrothermal exhalative sediment as they do
in the shallow footwall to the main sulfide orebody. This interpretation appears to be
more likely than the second alternative, because the chlorite-rich rocks are depleted
in SiO, compared to their possible precursors of tourmalinite or Aldridge quartzitic
sediment (Shaw, 1993). The net loss of Si during chloritization mitigates against a
significant incorporation of hydrothermal Si into chlorite during the replacement
process. However, we cannot totally exclude the second possibility as the chlorite-
rich rocks have slightly lower §°°Si values (—0.6%o to —0.4%o) than the hydrothermal
exhalative tourmalinites (-0.5%o to —0.1%o).
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One albite-rich sample from the albite—chlorite—pyrite alteration zone (4209-2)
has a 6°°Si value of +0.1%o that possibly suggests this rock was altered from a pro-
tolith of normal Aldridge clastic sediments. Another albite-rich rock from the same
alteration zone (JS-93-14A), but with relict tourmaline, has a negative §°°Si value of
—0.2%o. This slightly lower 6°°Si value may suggest that the original sediments con-
tained a chemical-exhalative component. In this case, the §°°Si value of the albite-rich
rock may record mixing between exhalative hydrothermal Si and Si derived from clas-
tic sediments.

The argillitic sediment, tourmalinite and albitite in the Sullivan deposit all show
65 ~ 68% Si0,, thus tourmalization and albitization of the Aldridge argillites did not
necessary involve a net loss of Si (Shaw, 1993; Slack et al., 2000). However, if the
precursor rock was coarse-grained greywacke or quartzite that shows an average of
78% Si0,, then a net loss of SiO, is needed during albitization. It appears that sili-
con isotopes may fractionate during hydrothermal alteration with loss of Si to a solu-
tion. Previous silicon isotope fractionation studies on precipitated silica and solution
reveal that the siliceous precipitates are uniformly enriched in 285i (Douthitt, 1982;
Li et al., 1995a; De La Rocha et al., 1997). However, the silicon isotope fractionation
experiments were conducted at room temperature, which is in sharp contrast to the
high temperatures (probably >200°C) for the hydrothermal alteration events at Sulli-
van (Jiang et al., 2000). During low temperature processes (e.g., chemical weathering)
significant silicon isotope fractionation does occur (Douthitt, 1982; Ding et al., 1996).
For example, clays can be formed from weathering of granites, and Ding et al. (1996)
reported a lower 6°°Si value from —1.9%o to —1.0%o for this type of clay in contrast to
the 6°°Si value of the granite (near zero). Ding et al. (1996) proposed that in this type
of chemical weathering, dissolution of primary silicate minerals occurs to form clays
with a loss of Si to the solution. If taking feldspar as an example, this process can be
expressed by the following equation:

2KAISi; g + 2H* + 9H,0 = ALSi,05(0H), + 2K* + 4H,Si0,, (5.3)

The ?8Si-enriched clay minerals formed during weathering, imply a dissolved Si (i.e.,
H,Si0, in the equation above) moved to the solution with °Si enriched. However,
during high temperature processes, such as hydrothermal alteration of granite, the
resultant clay minerals have nearly identical 630Si values (—0.1%o to +0.1%o) to those
of the granites (~0%o), reflecting a lack of silicon isotope fractionation during this
alteration (Ding et al., 1996).

It is generally accepted that stable isotope fractionations are temperature-depen-
dent such as oxygen and hydrothermal isotopes, but previous studies have shown that
temperature-related fractionation of silicon isotopes is insignificant over the temper-
ature range inferred for chlorite- and albite-related alteration at Sullivan (Jiang et al.,
1993). Hence, it is most likely that the differences in 63°Si values for the chlorite and
albite altered rocks at Sullivan record their different protoliths.
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In the Qinling Devonian stratiform Pb—Zn deposits, hydrothermal alteration pro-
duced albitite and scapolite. These rocks show a 6°0Si variation of —0.4%o to +0.2%o,
falling in the 6°°Si range of immediate-felsic volcanic rocks and sedimentary sand-
stones. The mineralogical and geochemical characteristics of these rocks exclude the
possibility that the parent rocks of these altered rocks were sandstone. As a result, it
is suggested that the protoliths of these rocks might be submarine volcanic rocks such
as volcanic tuffs. The high 680 values (19.0%o to 21.7%o) of these rocks may indicate
an isotope exchange with seawater under medium to low temperatures.

From the discussion above, it can be seen that the silicon isotopic compositions
of the altered rocks and minerals from various SEDEX-type deposits can reflect the
character of their original rocks. Hence, it is possible to use the silicon isotope data to
distinguish the protoliths of the alteration.

5.4.2.4 Does silicon isotope fractionate during metamorphic or hydrothermal
overprinting in the SEDEX-type deposits?

A middle to upper greenschist grade regional metamorphism with T = 450°C and
P = 3.8 kb occurred at Sullivan after the deposition of the sulfide ores (De Paoli and
Pattison, 1995). Although in the above discussion we interpreted the different 6°°Si
values in the hydrothermal alteration rocks and minerals to reflect their different Si
sources and protoliths, we need to discuss if the §°°Si variations may also relate to
metamorphism of the deposit.

Taking the footwall funnel-like tourmalinite as an example, it is possible that Si
in this type of tourmalinite also had a hydrothermal origin as those of stratiform tour-
malinite, i.e., with negative 6°°Si values, but have been reset to its present range of
6°°Si values of near 0 during metamorphism. If this is the case, this would require
the transport of large amounts of isotopically heavy silicon by very large amounts of
metamorphically-derived fluids through the feeder zone. In this event, the less per-
meable massive sulfide orebody may have obstructed the flow of metamorphic fluids
close to the orebody, thereby shielding hydrothermal silicate minerals (chlorite, al-
bite, tourmaline) in and adjacent to the massive sulfide zone from metamorphic re-
equilibration of silicon isotopes and allowing partial retention of originally negative
6°°Si values of hydrothermal signatures.

However, this model of metamorphic resetting of §°9Si values at Sullivan footwall
tourmalinite is very unlikely. First, there is no evidence for high water/rock ratios dur-
ing metamorphism of the footwall that would be required to reset the silicon isotopic
compositions. Second, oxygen and boron isotope values of tourmaline are not greatly
altered by subsequent metamorphism due to its refractory nature (Taylor and Slack,
1984; Palmer and Slack, 1989; Jiang et al., 2000), and silicon is much less mobile than
boron. Further evidence for the resistance of silicon isotopes to resetting during meta-
morphism comes from a silicon isotope study of the Gongchangling iron deposit in
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Liaoning Province, China, which underwent high grade amphibolite to granulite fa-
cies metamorphism (Jiang et al., 1993), as we discussed in Section 5.4.1. Ding et al.
(1996) reported that quartzite and metamorphic sandstone samples from other locali-
ties have 6°°Si values close to 0%, identical to the values of their unmetamorphosed
equivalents. Ding et al. (1996) also found that although metamorphic schists show a
wide range of 6°°Si values (~1.1%o to +0.4%o), they are well correlated values of the
precursor rocks. For example, mica schists collected from the Ximeng area in Yunnan
Province, China, which are metamorphosed argillaceous sediments, display 6°9Si val-
ues of —1.1%o to —0.4%0, whereas amphibolite and biotite schists in the same area that
represent metamorphosed mafic volcanic rocks have §>°Si values of +0.2%o to +0.4%o.
Therefore, the utility of silicon isotopes is that they can identify hydrothermal, sedi-
mentary and volcanic protoliths in metamorphic terranes (Jiang et al., 1993; Ding et
al., 1996).

In conclusion, the resistance of silicon isotopes to metamorphic resetting arises
because the great abundance of silica in most rocks requires a large-scale Si exchange
to significantly alter original silicon isotope compositions. However, small quartz
veins in a quartz-rich clastic host rock may be isotopically reset during metamor-
phism, where the amount of silicon of hydrothermal origin is very small compared to
the silicon contained in detrital minerals of the metasedimentary host rock.

The silicon isotopic compositions of the quartz still show a relationship with their
host rocks if the Si were derived locally from the host rocks, as the example in the
Qinling Devonian SEDEX-type Pb—Zn deposit in northern-west China. At Qinling, the
silicon isotopes of the quartz veins are similar to the country siliceous rocks. The §'80
value of the vein quartz is slightly higher than that of the surrounding siliceous rocks.
The reason for this phenomenon may be different in different locations. In the Feng-Tai
district, for example, the 880 value of quartz vein is 1-2%o higher than those of the
country rocks. This may be caused by the oxygen exchange between the underlying
carbonate rocks and the hydrothermal solution that formed the quartz veins. Because
the 6'80ygy 0w value of the Devonian marine carbonate is generally higher than 20%o,
quartz precipitated from hydrothermal solutions in equilibrium with it must have a
6'80 value higher than 20%o. In the Zha-Shan district, the vein quartz has a §'80 value
higher than that of the bulk rock samples of the albititic and scapolitic rocks, but close
to that of quartz separates from these rocks. This may indicate equilibration between
the rocks and hydrothermal solutions that formed the vein quartz.

5.4.3 Hydrothermal Pb-Zn deposits
5.4.3.1 Silicon isotopic compositions of the Taolin Pb-Zn deposit, Hunan Province,
China

Taolin Pb-Zn ore deposits (Hunan Province, China) is a typical hydrothermal Pb-Zn
deposits in South China. Detailed studies have been made on the geological charac-
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teristic, mineral association, fluid inclusions and isotope geochemistry (e.g., Ding and
Rees, 1984; Ding et al., 1986). In order to trace the silicon source and the origin of this
deposit, a study has been carried out on the silicon isotopes.

Both the granite, metamorphic rocks and the vein quartz from the Taolin deposit
are analyzed for their silicon isotopic compositions (Figure 5.46). Two granite samples
show 63°Si values of —0.1%o and +0.3%o, falling into the normal §°°Si range of the
granites worldwide. A chlorite schist from the host rock has a §°°Si value of —0.1%o,
and a hornfel sample has a 6°°Si value of —0.2%o. A quartzite and a slate from the host
rock have identical value of —0.3%o. In general, the 6°0Si values of the metamorphic
rocks are slightly lower than those of the granite. Eight quartz samples are analyzed.
Two samples of barren quartz veins within the altered granite gave the same §°°Si
value of —0.3%o. Five quartz samples from the mineralization stage yielded 6°°Si val-
ues from —0.5%o to —1.5%0, which are apparently lower than those of granites, host
metamorphic rocks and the barren quartz.

29 granite

0 T T T

vein quartz

sample number

29 metasediments

0 T T T
-0.2 -1.5 -1.0 -0.5

§"Si (%o)

Figure 5.46: Histogram showing the silicon isotopic compositions of the vein quartz, granites and
metasedimentary rocks from the Taolin Pb—Zn deposit. Data are from Ding et al. (1996).

5.4.3.2 Using silicon isotopes to constrain the mid- and low-temperature
hydrothermal origin of the Taolin Pb—Zn deposit

In the Taolin Pb-Zn deposit, all the §°°Si values (—0.3%o to —1.5%0) for the ore-
bearing and barren quartz veins are much lower than those of the granite and the
host metasedimentary rocks (—0.1%o to +0.3%0). Therefore, the source of silicon in
the quartz veins may not derive from the granite nor the host metasedimentary rocks,
because if this is the case, then they should have similar silicon isotope signatures.
Moreover, the large age gap between the granitic magmatism and the mineralization
also prevents a genetic link between them. Oxygen and hydrogen isotope data sug-
gest dominantly meteoric water instead of magmatic water. If the silicon sourced
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from the country rocks, then it would require a leaching process of silicon from
the metasedimentary rocks and re-deposit in the veins. In this case, if the temper-
ature of the hydrothermal fluids was high enough, the precipitated silica should
show a 6°°Si value similar to that of the country rocks. Due to the limited number
of analysis for host rocks, the possible existence of rocks with relatively low §°°Si
values cannot be excluded totally. Indeed a co-variation relationship between the
quartz vein and the host rocks can be seen. For instance, the 6°9Si values of two
barren quartz veins from the altered granites are —0.3%o, corresponding to the rela-
tively higher 63°Si values of the granites, whereas the 6°°Si values of the ore-bearing
quartz veins from the metasedimentary rocks are in the range of —0.5%o to —1.5%o,
which correspond to the relatively lower §°°Si values of the host rocks. This sug-
gests that the surrounding host rocks may indeed have a contribution of silicon to
the formation of vein quartz. However, the vein quartz and the host metasedimen-
tary rocks show clearly different silicon isotopic compositions. Therefore, there must
be either another source which supplied silicon with a lower §°°Si value and/or a
large fractionation of silicon isotopes must occur when the vein quartz was precipi-
tated.

As discussed previously, the silicon isotope fractionation might happen between
the precipitated SiO, and the silica remaining in the residual solutions at a suitable
temperature and precipitation conditions. As a result, the precipitated silica could
have a lower §°°Si value than the primary solutions, and the SiO, remaining in a so-
lution should have a higher 6°°Si value. This phenomenon has been observed in the
siliceous precipitates of hot spring fields, the sea-floor black smokers and the Precam-
brian BIF. For instance, in the modern hot spring area of Tengchong County, Yunnan
Province, the 62°Si values of the subsurface quartz veins show a variation of —0.1%o
to —0.9%o, whereas the surface siliceous sinter has a §°°Si value of —0.6%o to +0.2%so.
The spring water has a §°°Si value of 0.0%o to +0.4%o. The silicon isotopic composi-
tions of vein quartz in the Taolin Pb—Zn deposit are similar to those in the Tengchong
hot springs. Therefore, we suggest that the Taolin deposit may have also formed in
a low-temperature epithermal hydrothermal system, but the epithermal systems are
no longer in existence on the surface today. As a result, based on the silicon isotope
data, we suggest the following model for the formation of Taolin Pb—Zn deposit. It
is likely that hydrothermal activity existed for a long time after the granitic magma-
tism. Meteoric water was heated and circulated through the rocks. Silicon was leached
from the surrounding metasedimentary rocks and the granites, and was then precipi-
tated at the interface where the hydrothermal conditions were changing. Due to kinetic
fractionation of silicon isotopes, the earlier precipitated SiO, would have §°°Si values
lower than the source rocks. Later on, the residual solutions with higher 6°°Si values
but lower silica concentrations would have risen up and been diluted by ground water
near the surface and subsurface. This model is also supported by results of lead and
strontium isotopes in this deposit.
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5.4.4 Sn deposits

5.4.4.1 Silicon isotope variations in Dachang Sn-polymetallic ore deposit

The Dachang Sn-polymetallic ore deposit in Guangxi Province of China is one of the
largest Sn deposits in the world, and the second largest Sn producer in China (more
than 10° tons of tin). There are various models proposed in order to explore the ore
genesis of the deposit, and the major debates are focusing on whether the stratiform
Sn-Pb-Zn orebodies are syn-sedimentary in origin or products of the Yanshannian
magmatic—hydrothermal event (~100 Ma) (Chen et al., 1985, 1993; Ding et al., 1988b;
Han and Hutchinson, 1990, 1991; Jiang et al., 1999).

Regionally, the occurrence of Devonian siliceous rocks in Guangxi is restricted by
syngenetic faulting (Liu et al., 2014b). They are generally well developed in the sub-
ordinate depressed basin localized by intersecting faults, where their thickness may
reach up to 100-120 m. Towards the margin of the basin, the siliceous rocks become
thinner, with the thickness of marls and limestones increasing gradually. Siliceous
rocks in D5 are characterized by their massive structure. They are 60-70 m thick, grey-
ish black, rich in carbonaceous materials and show regular flat-bedding. Major min-
erals include microcrystalline quartz, chalcedony, opal and small amounts of sericite
and pyrite. The microcrystalline quartz makes up 85-90%. They are euhedral and/or
subhedral, granular, with grain diameters varying from 0.01 to 0.02 mm, and showing
mosaic texture. No interstitial material can be seen between the grains and a distinc-
tive stylolite structure is clearly displayed.

Siliceous rocks in the thick-banded limestone (D;%), thin-banded limestone
(D;%*) and small lenticular limestone (D;%) are characterized by ribbon banding,
usually intercalated with cassiterite—sulfide and limestone bands. The bands are 0.1-
2.0 cm thick in general. The minerals include microcrystalline quartz, chalcedony,
opal and a significant amounts of other minerals such as sericite, calcite, tourmaline,
K-feldspar, carboneceous matters and sulfides.

Song and Ding (1990) made the first silicon isotope analyses of these rocks. A more
systematic study of silicon and oxygen isotopes on these siliceous rocks was followed
by Yao and Ding (1994).

1) Barren siliceous rocks

Thirteen barren siliceous rocks are analyzed for their §°°Si and 60 values. Ex-
cept for one sample (Dc9016-1) with a 6°°Si value of —0.2%p, all others show posi-
tive 6°°Si value of +0.2%o to +0.8%o. Their §80 values are from 12.0%o to 21.4%o.
Siliceous rocks with such a high 6°°Si value could not be derived from protolith
quartz sandstone, nor be precipitated directly through sea-floor hydrothermal ex-
halation. Their formation through silicification via magmatic-hydrothermal pro-
cesses can also be excluded. Only shallow sea radiolarian siliceous rocks could
have such 6°°Si characteristics (Song and Ding, 1990). In fact, a great quantity
of radiolarian remains have been found in these siliceous rocks, thus providing
direct evidence for their origin of biogenic precipitation.
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2) Siliceous and sulfide bands in stratiform orebodies

Bands of siliceous rocks often appear along with cassiterite—sulfide ores occurring
concordantly with sedimentary bedding. Ten samples of quartz separate and/or
quartz—feldspar mixing from these rocks are analyzed for their silicon and oxygen
isotopes. The §°°Si values show a large variation from —0.6%o to +0.6%o. Three
samples with positive 6°°Si values may have similar biogenic origin as those lit-
toral radiolarian siliceous rocks. The rest of samples may have more complicated
origin as we will discuss later on.

The siliceous bands show a 680 variation from 13.2%o to 15.9%o, whereas those of
the mixed samples (quartz+feldspar+clay minerals) from the sulfide bands vary from
14.5%0 to 16.0%o0. The difference in their ranges is rather small, and the total range of
variation is also rather limited.

A number of veins are found in the Dachang ore deposit, including two major
types; one is the small and short veins or veinlets that are “non-transgressive”, being
confined within certain stratigraphic horizons. They form the so-called concordant
orebodies in combination with the banded ores, constituting important parts of the
orebody No. 91 and No. 92. The other type of vein is the so-called “transgressive” type.
They are large and cut through various sedimentary strata, such as the veins No. 1 and
No. 38.

The two types of vein show different mineralogy. The first type of non-transgressive
vein has a simple mineral assemblage, representing mainly pyrite, sphalerite, cassi-
terite, quartz and calcite. The second type of transgressive vein shows a more compli-
cated mineral assemblage. Beside the former minerals, they also contain arsenopyrite,
marcasite, stiblite, galena, jamesonite and other sulfasalts.

1) Non-transgressive veins

Quartz from ten samples of non-transgressive veins in different strata has been

analyzed for their 6°°Si and 6'80 values. Their §°°Si values vary from —0.2%o to

+0.5%o0. Only one sample shows a negative value (—0.2%o), three samples show

a value of 0 and six samples show positive values of +0.1%o to +0.5%o. The §°°Si

values of samples from some non-transgressive veins are compared with those

of samples from their adjacent siliceous rocks and bands (Figure 5.47). Of the six

pairs, there are five with §°°Si difference of 0.1%o to 0.3%o, and only one pair has a

difference of 0.6%o. This relationship suggests a close relationship in their silicon

isotope compositions between the samples compared, which indicate an in-situ
derivation of Si in the non-transgressive veins.
2) Transgressive veins

Two samples of transgressive veins are analyzed for their silicon and oxygen iso-

topic compositions. The 6°0Si values of quartz are —0.1%o0 and +0.3%o0, which are

within the §°°Si range of siliceous rocks at Dachang, but they are also close to
those values of granite and diorite dikes at Dachang (-0.3%o to —0.1%o). There-
fore, only with these two data, it is difficult to discuss their origin. The two quartz
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Figure 5.47: A comparison of 3°°Si value of non-transgressive veins with those of adjacent siliceous
rocks and bands. The solid circles represent non-transgressive veins; the open circles represent
siliceous rocks or bands. After Ding et al. (1996).

samples show 680 values of 18.2%o and 24.0%so: one is similar and one is higher
than those of non-transgressive veins.

5.4.4.2 Different origin of siliceous rocks from the Dachang Sn-polymetallic ore
deposit

The origin for the siliceous rocks from the Dachang mining area is hotly debated, in-
cluding two contrasting viewpoints of submarine hydrothermal exhalative precipita-
tion origin and the normal sedimentary/biogenic origin. For example, Chen and Zeng
(1989) considered them as hydrothermal sediments deposited in a starved basin. Xu
and Wang (1987) found a large number of radiolarian fossils in the upper Devonian
siliceous rocks from Dachang, and thus provided a plausible evidence for their bio-
genic origin.

A systematic survey on silicon and oxygen isotopes among siliceous rocks and
bands at Dachang reveals two individual origins of siliceous rocks (Figure 5.48).
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(i) Shallow radiolarian siliceous rocks without mineralization, which show positive
630Si (+0.2%o0 to +0.8%0) and wide variation of 680 values (+12.0%o to +21.4%so).
These types of rocks formed thick sedimentary units and are widespread through
the basin. Their silica was derived from seawater. The existence of a large amount
of radiolarian in these rocks places direct evidence for the biogenic deposition
origin.

(ii) The thin-laminated siliceous and K-feldspar rocks associated with cassiterite—
sulfide ores with negative 6°°Si (i.e., —0.1%o to —0.6%0) and uniform 680 values
(i.e., +13.2%0 to +16.0%0).

It is possible that these rocks were formed through a process of magmatic-hydro-
thermal replacement of limestone strata. Silicon isotope analyses have been made on
samples of granites and dioritic-porphyrite dykes in the mining area, and their §°°Si
values range from —0.1%o to —0.3%o. If the magmatic—hydrothermal metasomatism
took place, then the resulted silicification should have similar §°°Si as those magmatic
rocks. It is hard to explain the data from Dachang mining area, for example, in the
sample D;9024, the 6%°Si value of siliceous bands is +0.6%o, whereas quartz from the
sulfide bands in the same specimen has a §°°Si of —0.4%o. It is therefore unlikely for
a magmatic-hydrothermal alteration origin to explain the silicon isotope difference
in different bands in a single specimen. In addition, the well-developed bands could
also hardly result from magmatic-hydrothermal replacement.

The negative §°°Si values of siliceous rocks are characteristics for submarine hy-
drothermal exhalative origin as have been demonstrated in many locations world-
wide. For example, in the Qinling area in the Shaanxi Province, sea-floor hydrothermal
exhalations resulted in the formation of siliceous rocks with §3°Si values of —0.3%o to
—0.5%o0. Therefore, this explanation may also account for those samples within the
siliceous and sulfide bands. This model is also in good agreement with the sulfur iso-
tope data reported by Ding et al. (1988b).

In summary, the Si-0 isotope data of siliceous rocks in the Dachang Sn-polyme-
tallic ore deposit do not support a skarn or replacement-type origin (Chen et al., 1985;
Fu et al., 1991) but are more compatible with a submarine hydrothermal exhalative
origin (Han and Hutchinson, 1990, 1991).

5.4.5 W deposits

The Xihuashan tungsten deposit is a typical wolframite—quartz vein-type deposit
which is located in the Dayu County, Jiangxi Province. In the mining area, the Yan-
shanian Xihuashan composite granite stock was emplaced into Cambrian and Neo-
proterozoic argillaceous—arenaceous rocks of lower degrees of metamorphism. Due to
contact metamorphism of the country rocks caused by intrusion of the granite, horn-
fels facies and spotted slate occur within several hundreds of meters of contact zone.
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There are six tungsten deposits occurring around the composite granitic stock.
The most important is the Xihuashan wolframite deposit, and the second is the Dang-
ping tungsten deposit. The Xihuashan deposit is located on the southwestern periph-
ery of the stock. The deposit is composed of more than 600 wolframite-bearing quartz
veins occurring on the top of the granitic stock. The veins are deeply dipping, and
strike predominantly E-W, occasionally WNW or ENE. The veins are often parallel to
each other, but sometimes, they may appear in form of an en echelon arrangement.
The veins occur mainly in medium-grained biotite granite (yszb), rarely in porphyritic
medium-grained biotite granite (ys*®). The veins contain predominantly quartz, with
minor amounts of other minerals such as K-feldspar, muscovite, calcite, dolomite, flu-
orite, topaz and beryl.

Silicon isotopic compositions of the granite, metamorphic rocks and quartz veins
are analyzed, and the results are presented in Figure 5.49.
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Figure 5.49: A schematic geologic section of the Xihuashan tungsten deposit with silicon isotope
compositions of granite, host sedimentary rock and quartz vein. 1 - Median-grained biotite granite;
2 — Porphyritic median-grained biotite granite; 3 — Cambrian low-grade metamorphosed rocks (slate
and siltstone); 4 — Wolframite-bearing quartz veins. After Ding et al. (1996).

The 6°°Si values of hornfels formed through metamorphism of Cambrian sedimentary
rocks vary from —0.2%o to —0.4%o. The biotite granites show a §°°Si value of —0.1%o
to —0.2%e0, which are also within the typical range of granite worldwide. The different
minerals in granite show a §°°Si decreasing trend from quartz, through feldspar, to
mica, which conform to the regularity of silicon isotope fractionation under conditions
of isotope exchange equilibrium. The quartz from the wolframite-bearing veins show
a 6°°Si value of —0.2%o to 0%o, which are similar to those of granite and the hornfels.
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5.4.6 Au deposits

The Hemlo gold deposit in Ontario, Canada, is one of the most well-known giant gold
deposits in the world. The ore-bearing rocks are metamorphosed intermediate-felsic
volcanics and sedimentary rocks of the Archean Heron Bay Group. The orebodies in
the Hemlo gold deposit occur at the contact zone between the crystalline tuffs and the
metamorphosed sedimentary rocks. Near the orebody, the tuffs have suffered strong
alteration, containing sericite, tourmaline, green chrome-bearing mica, barite and
hematite. The mineralized rocks are represented by sericite schists, siliceous rocks
and brecciated rocks.

The most common sulfide mineral is pyrite. Subordinate sulfide minerals include
molybdenite, sphalerite, chalcopyrite and pyrrhotite. Minor sulfide minerals are stib-
lite, cinnabar, realgar, orpiment, boulangerite, jamesonite, bournonite, tetrahedrite
and arsenopyrite, native antimony, arsenic and magnetite. The gangue minerals in-
clude quartz, barite, mica, feldspar, calcite, amphibole, chlorite, epidote, tremolite,
silimanite, garnet, staurolite, rutile, tourmaline, sphene and graphite. Barite may oc-
cur either as disseminated or banded. The green mica contains vanadium, chromium
and barium.

Ding and Thode (1991) carried out a detailed trace element geochemical study and
found a good positive correlation between the contents of gold and those of molybde-
num, antimony and arsenic (Figure 5.50). The §'80 values of quartz and mica from the
host rocks show a parallel trend of variation (Figure 5.50). The equilibrium tempera-
tures calculated from oxygen isotope fractionation between quartz and magnetite are
between 434-543°C, which are in good agreement with sulfur isotope temperatures
of sulfide and barite (360-511°C), and are also consistent with high-grade metamor-
phism of amphibolite facies. This indicates that the isotope fractionation might have
attained local equilibrium on a small scale during metamorphism, but still retains its
original values on a large scale.

Thirteen samples of quartz and 11 samples of mica from 13 specimens are analyzed
for their 6°Si values, and the results are shown in Figure 5.50. Most of the data show
a 6°°Si range from —0.3%o to +0.2%o, which is close to the values of intermediate-
felsic volcanics and clastic sediments. The majority of samples show a tendency of
higher §°°Si in quartz than in mica, although a few samples show the opposite. This
relationship may suggest a general tendency towards isotopic equilibrium among co-
existing minerals, but that complete equilibrium was not reached. It is interesting to
note that the 6°°Si values are significantly higher in the samples with extremely high
gold content (Figure 5.50). For example, samples HB2731, HB2743, HB2760 show 6%0si
values of +0.6%0, +0.5%0, +0.8%00, respectively, possibly reflecting specific conditions
at the time of gold mineralization.

The rocks with high 62°Si values often contain high Si content, indicating a strong
silicification with Si addition into the rocks as compared with their overlying and
underlying rocks. The Si may have two sources, one is in-situ from the host rocks
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Figure 5.50: Diagram showing the variations of silicon, oxygen, hydrogen isotopes and the contents
of Au, Mo, Sb, As along the depth in drill hole T220 in the Hemlo gold deposit. Revised from Ding et
al. (1996).

of intermediate-felsic volcanics and sediments whose §°°Si values are close to zero;
the other source of Si may have an external origin whose 639Si values are >+0.8%o or
even higher. According to the available data, this Si may have come from two different
sources: one is a remnant of dissolved Si in submarine hydrothermal water after its
preliminary precipitation, while the other is dissolved Si in shallow seawater.

5.4.7 The Bayan Obo Nb-REE-Fe deposit, Inner Mongolian, China

5.4.7.1 Silicon isotope variation of the Bayan Obo deposit

The Bayan Obo Nb-REE-Fe deposit is a well-known giant deposit with the largest REE
resource and the second largest niobium resource in the world, and also a large iron
deposit in China. Although a great deal of geological and geochemical investigation
has been carried out for this deposit, its origin is still in hot debate. The deposit is lo-
cated in the northern margin of the North China Craton. The host rocks are the Meso-
proterozoic Bayan Obo Group of mostly low grade metasedimentary rocks, which can
be divided into nine units (H1 to H9). The H8 dolomite is the main host of the orebod-
ies, and its origin is hotly debated. Some researchers consider it to be a mantle-derived
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carbonatite (e.g., Bai and Yuan, 1985; Fan et al., 2016), while others suggest a sedimen-
tary origin but with extensive hydrothermal metasomatism (e.g., Yang et al., 2009; Lai
and Yang, 2013; Lai et al., 2016). The H8 dolomite occurs in both sides of the Kuangou
Fault, but those in the north side are devoid of any mineralization.

There is also argument regarding the origin of the H9 potassic slate, which ex-
tend E-W for about 18 km and has maximum thickness near the main orebodies. Some
consider it to be product of hydrothermal alteration (Institute of Geochemistry, 1988),
while others think it is an intermediate-felsic volcanic tuff, which has gone through
slight metamorphism (Bai et al., 1996) or potassic sedimentary-hydrothermal exhalite
(Yuan et al., 1992).

Magmatic rocks outcropping in the mining area include gabbro and granitoids
distributed in the eastern and southern parts of the mine. These magmatic rocks are
intruded during the Hercynian (Ling et al., 2014).

The iron orebodies at Bayan Obo can be divided into three parts: i.e., the Main,
East and West orebodies. The major iron ore minerals include dominantly magnetite
and lesser hematite. The REE and Nb mineralization distributed more widespread and
the entire H8 dolomite in southern part of the Kuangou Fault has been strongly miner-
alized. The major ore minerals include monazite, bastnaesite, huanghoite and various
kinds of REE and Nb minerals.

Silicon and oxygen isotope analyses are obtained on a variety of siliceous rocks
and minerals from the Bayan Obo mining area, and the results are presented in Fig-
ure 5.51 and Figure 5.52. In the H8 dolomite, trace amounts of quartz and biotite ex-
ist, and 5 samples of bulk dolomite rocks yield 63°Si of —0.8%o to —0.3%o, indicating
the original substances of these siliceous minerals might be clay or tuffaceous. The
H9 potassic slate is mainly composed of microcline. Due to the influence of late hy-
drothermal alteration, it often shows sodian-augitization, riebeckitization and bioti-
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Figure 5.51: Comparison of 8°°Si values of rocks and ores from the Bayan Obo deposit. Revised from
Ding et al. (1996).
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Figure 5.52: Comparison of §3°Si values for different stages of mineralization in the Bayan Obo de-
posit. Revised from Ding et al. (1996).

tization. Occasionally, there are felsic and fluorite veins which cut across each other.
The unaltered potassic slate exhibits 6°0Si values of —0.6%o to —0.4%o, whereas the al-
tered potassic slate exhibits §°°Si values of —0.1%o to 0%o. Therefore, it is likely those
unaltered potassic slate might be derived from either volcanic tuffs or hydrothermal
exhalative precipitates. The H1 quartz sandstone and H2 quartzite have §°°Si values
from 0%o to +0.1%0, indicating a typical value for those clastic sediments. The chert
band sample from the H7 limestone gave a §°°Si value of +0.8%o, which is suggestive
of shallow sea biochemical precipitates.

The Hercynian granitoids in the mining area show 6°°Si values from —0.2%o to
—0.1%o, which falls in the §°°Si range of normal granites worldwide. The quartz, pla-
gioclase, K-feldspar and biotite in a granite sample show §°°Si values of +0.3%o, 0%o,
—0.2%o0 and —0.3%o, respectively. These data indicate an isotope equilibrium fraction-
ation between different minerals in the granite. One diorite-gabbro sample shows a
6°°Si value of —0.4%o. The 6°°Si values of hornblendes from two gabbro-diorites are
—0.4%o and —0.3%o. An altered basic dike gave a 6°°Si value of +0.1%so.

In the iron ores, two massive magnetite ores show 6°°Si values of —0.8%o and
—0.5%o. One hematite ore shows a 6°°Si of —0.5%o. These data are similar to those
data for H8 dolomite. One sample of secondary limonite shows a 6°0Si value of —1.8%o,
possibly reflecting kinetic fractionation of silicon isotopes during precipitation in su-
pergene conditions. Two sodian augite mineral samples from the Main and East ore-
bodies have 6°°Si values of —1.0%o and —0.8%o. A fine-grained sodian augite has a
higher §°°Si value of —0.1%o. The 6°°Si values of sodian augite from ores and veins are
similar to each other, varying from —0.6 to —0.5%o0. A sample of altered sodian augite
near to the Dulahala carbonatite dike has a §°°Si value of —0.1%o, and a riebeckite
sample shows a §°°Si value of +0.1%o, which are apparently different from those of
the minerals from the Main and East orebodies.
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Biotite samples from the hanging wall of the Main and East orebodies and the H9
potassic slate show 6°°Si values of —0.5%o to —0.3%o. The albite and quartz from the
later veins in the Main and East orebodies show 62°Si values of —0.1%o to +0.1%0 and
—0.6%o0 to —0.2%o, respectively. The §°°Si values of the silicified veins from the alter-
ation zone of the Dulahala carbonatite dike and the eastern contact zone carbonate
veins range from +0.3%o to +0.4%o, whereas a K-feldspar phenocryst from the altered
rocks has a 6°°Si value of +0.1%o. The 6°°Si values of quartz and siliceous bands from
the North Bayan Obo iron orebody in the north of the Kuangou Fault range from 0%oo to
+0.1%0, whereas the §3°Si values of the auriferous quartz veins from the Saiyinwusu
gold deposit range from —0.5%0 to —0.2%o.

5.4.7.2 Source of Si in the ores deduced from the silicon isotope data

In order to examine the source of Si in the ores, a comparison of silicon isotopic com-
position of ores with those of a variety of rocks in the Bayan Obo mining area has
been made (Figure 5.51). From this figure, it can be seen that the range of §°°Si val-
ues for the ores is quite similar to that of H8 dolomite and H9 potassic slate, rather
than those for clastic sediments (quartz sandstone and quartzite) and chert bands in
limestone. They are also quite different to those of the Hercynian igneous rocks. It
is therefore suggested that the ores and host rocks of H8 and H9 may share a simi-
lar Si source; it should not derive from the normal clastic sediments or the Hercynian
magmatic-hydrothermal fluids. It is possible that the Si was introduced during sea-
floor hydrothermal exhalation.

A comparison of the silicon isotopic compositions of minerals in ores associated
with the major mineralization with those of the later veins has been made in Fig-
ure 5.52. Results show that the §°°Si values of minerals in ores from the major min-
eralization (I) are 0.5%o to 1.0%o lower than those of the equivalents from the later
veins and alteration minerals (II), which indicate these two types of minerals should
have different origin and they cannot be products of the same mineralization event.
Therefore, the silicon isotope study also indicate that the Bayan Obo may have a mul-
tiple stage history of mineralization.
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the Swiss rivers 117, 138

the weathering process of silicate rocks 117, 132

the Yangtze River 115, 117, 118, 133, 134,
136-139, 144, 201

the Yellow River 115, 118, 133-138, 144

thermodynamic fractionation 6, 39, 43

thermodynamic silicon isotope exchange
fractionation 36

tiller stage 65, 187-189, 191-194

tomato 64, 104, 128
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tourmaline 43, 49, 50, 214, 217, 218, 222, 223, VDOS (vibrational density of state) 40

225, 226, 230, 235 vegetation 119, 149, 150
tourmalinite 215, 216, 220-226 vein quartz 109, 133, 218, 219, 227-229
tracheophyta 104 volcanic rocks 3, 86, 87, 89, 100, 102, 106, 166,
tungsten deposit 233, 234 214, 226, 227
ultramafic rocks 47, 84, 88-90 wadsleyite 42
ureilites 72,74, 81 wheat 64,104, 121, 128, 129, 134, 153, 196,
uwQ-1 27,28 206, 207
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