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Preface

Mineralogy is a branch of geosciences that deals with crystal structures, physical
properties, and chemical composition of minerals in various igneous, metamorphic,
and sedimentary rocks and processes, from high to low temperatures and in various
parts of Earth.

Mineralogy is also an important background for some other geosciences and of sig-
nificance for many other scientific and technical disciplines including environmental
science, the mining and materials industry, and biomedical science.

Mineralogy includes thirteen chapters that discuss the methodology of specific miner-
alogical methods, the composition of minerals from different igneous rocks, and the
composition of minerals from different sedimentary rocks.

Chapter 1, “Simultaneous Time-Resolved Photoluminescence and X-Ray Absorption
Fine Structure Operando Measurement during Ag Cluster Formation in Ag Zeolite X,”
by Miyanaga Takafumi et al. presents a detailed study of synthetic zeolites.

Chapter 2, “Some New Progress in the Experimental Measurements on Electrical
Property of Main Minerals in the Upper Mantle at High Temperatures and High
Pressures,” by Dai Lidong et al. is a detailed methodological study of electrical prop-
erties of selected silicate minerals occurring in the upper mantle.

Chapter 3, “Mineral Physics,” by Robert Lieberman focuses on a detailed methodology
of the physical properties of minerals.

Chapter 4, “Testing and Validating Instruments for Feedstocks of Mineral
Carbonation” by Rashid Muhammad Imran discusses measurement techniques used
for carbon capture and storage in different minerals and rocks.

Chapter 5, “Normative Mineralogy Especially for Shales, Slates, and Phyllites,” by
Wolfgang H. Wagner provides a new method for normative recalculation of chemical
analyses of different low-grade metasedimentary rocks.

Chapter 6, “Minerals as Prebiotic Catalysts for Chemical Evolution towards the Origin
of Life,” by Yamei Li presents a detailed methodological study of the oldest, prebiotic
evolution of the Earth.

Chapter 7, “Ionic Conductivity of Strontium Fluoroapatites Co-doped with
Lanthanides” by Khouloud Kthiri et.al discusses the preparation of fluoroapatites
co-doped with selected lanthanides.



Chapter 8, “Mg-Ilmenite from Kimberlites, Its Origin” by Sergey I. Kostrovitsky con-
tains detailed chemical analyses of different ilmenites occurring in kimberlite pipes in
the Yakutian province (Siberian Craton).

Chapter 9, “Investigation of Accessory Minerals from the Blatnd Granodiorite Suite,
Bohemian Massif, Czech Republic,” by Milo$ René discusses selected accessories from
significant granitic batholith of the Central European Variscan belt.

Chapter 10, “Mineralogy of Peralkaline Silicic Volcanics: Information from Kone
Volcano, Ethiopian Rift Valley” by Ayalew Dereje and Abebe Bekele contains detailed
descriptions of selected minerals from volcanic rocks of the East African rift system
in Ethiopia.

Chapter 11, “Use of Natural Safiot Clay for the Removal of Chemicals Substances
from Aqueous Solutions by Absorption: A Combined Experimental and Theoretical
Study,” by El Kassimi Aziz et al. discusses the use of selected clay minerals for remov-
ing different pollutants from aqueous solutions.

Chapter 12, “Classification of Clay Minerals,” by Akisanmi Praise contains a detailed
classification and description of clay minerals.

Chapter 13, “Sedimentary Characteristics of the Member 1 of the Middle Devonian
Suotoushan Formation and Its Ore-Bearing Potential in Northeastern Yunnan” by
Zizheng Wang et al. describes high-purity quartz sandstone deposits from China.

Milos René

Institute of Rock Structure and Mechanics,
Czech Academy of Sciences,

Prague, Czech Republic

XII
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Chapter1

Simultaneous Time-Resolved
Photoluminescence and X-Ray
Absorption Fine Structure
Operando Measurement during Ag
Cluster Formation in Ag Zeolite X

Yushi Suzuki, Takafumi Miyanaga, Kazuma Yamauchi,
Saya Okita, Yoshiki Oka and Reki Nakamura

Abstract

We use operando X-ray absorption fine structure (XAFS) to analyze the relation
between the properties of photoluminescence (PL) and the structures of Ag clusters
and Ag ions. The Ag clusters are generated by evacuation in the cavity of Ag-type
zeolite-X. The Ag clusters in the zeolite cavity collapse when exposed to the atmo-
sphere. The results reported herein indicate that the collapsing Ag cluster plays an
important role in generating strong PL bands and that Ag clusters might not be a direct
species of PL. Results of XAFS analysis show that the Ag cluster formed in the zeolite
cavity by evacuation can be tetrahedral with four atoms. By evacuation, 9 or 10 Ag
tetrahedral are formed, two of which are expected to be responsible for strong PL. This
result suggests that the Ag ion position after cluster collapse plays an important role in
PL band generation and that Ag clusters are not direct luminescent species of PL.

Keywords: zeolite, Ag cluster, photoluminescence, XAFS, operando measurement

1. Introduction

Zeolites are crystalline aluminosilicates with large ordered cavities (cages) that
exhibit unique properties because of their cages [1-4]. They are used widely in appli-
cations such as catalysis, ion exchange, and separation [5-9].

The fact that Ag-exchanged zeolites exhibit luminous properties despite contain-
ing no rare earth metal component indicates zeolite as a promising luminescent
material for future use. In recent years, many researchers have investigated the
luminescence behavior of silver-exchanged zeolites [10-18]. Many reports have
described that Ag clusters formed with a zeolite framework are luminescent species.
In studies using inorganic material matrices such as silica, light emission from silver
clusters formed in the matrix has been confirmed [19, 20]. However, the existence
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of Ag clusters in PL studies of zeolites has been confirmed only indirectly. In earlier
studies, PL and XAFS measurements of zeolites were taken to confirm the relation
between PL bands and the local structure of Ag clusters [21, 22]. Results confirmed
that Ag clusters were formed during heat treatment processing, however, the Ag
cluster decomposed when cooled to room temperature (RT). The XAFS spectra of
the unheated sample and the sample cooled after heating were very similar. The Ag
clusters formed during heating but collapsed after cooling.

To elucidate the PL mechanism of Ag zeolite, it is fundamentally important to
elucidate the relation between the formation and collapse processes of Ag clusters and
PL. Accurate PL cannot be observed by thermal excitation. Therefore, it is impossible to
observe this process by heat treatment. Ag clusters can be formed not only by heat treat-
ment but also by evacuation. In the case of evacuation, clusters can form at RT. Therefore,
as described herein, Ag clusters are formed by evacuation; then the clusters are destroyed
by introducing air. In these processes, the relation between cluster formation/collapse and
PL is elucidated by the time-resolved operando measurement of PL and XAFS.

For these purposes, we developed an in-situ/operand measurement cell, which can
be possible to measure XAFS and PL simultaneously. In this chapter, we discuss the
result for time-resolved operando measurement of PL and structure change measured
by Quick measurement mode-XAFS.

2. Experimental
2.1 Sample preparation

Fully Ag*-exchanged zeolite X (hydrated 86Ag-X) powder samples were prepared
by immersing the hydrated 86Na-X (Nagg[ (AlO,)g6(S10;)106], purchased from Tosoh
Corp.) in 0.1 M AgNO; solution for 24 h at 25°C. The solution was stirred continu-
ously with a magnetic stirrer during ion exchange. After careful filtration, the 86Ag-X
powder was dried under air at RT in the darkroom.

2.2 PL measurements

The PL measurements were taken using a UV-VIS spectrometer (flame; Ocean
Insight) and a 313 nm UV light source (UVF-203S; San-Ei Electric) with a bandpass
filter (313 nm, Edmund Optics Inc.).

2.3 XAFS measurements

The X-ray absorption spectra of K-edge of Ag (25.5 keV) were measured at
NW10A of the Photon Factory at KEK using transmission mode. A time-resolved
operando measurement of Quick-XAFS was performed during the evacuation
process and the air introduction process. In addition, step scan XAFS measurements
with high spectral quality were taken in the atmosphere before evacuation, in a
vacuum, and after introduction into the atmosphere. The EXAFS oscillation func-
tion was extracted from the X-ray absorption spectra and Fourier transformed by
XANADU code [23]. To obtain the structural parameters, the EXAFS function was
fitted in k-space using the nonlinear least-squares method with theoretical param-
eters calculated using FEFF 8.10 [24]. Experimental details are presented in reports
of several earlier studies [25, 26].
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Figure 1.
Schematic drawing of zeolite sample holder for simultaneous time-resolved PL and XAFS operando
measurements.

2.4 Simultaneous time-resolved operando measurement of PL and quick-XAFS

The transmission method must be adopted to ensure the spectrum quality by
Quick-XAFS. Performing the transmission method with PF-AR NW10A requires
the setting of the sample vertically because of the beam-line structure. A cover must
have necessary powdery zeolite material installed vertically. Earlier studies have used
microscope coverslips [26]. However, the inflow and outflow of air from the front are
interrupted in the case of glass. The inflow and outflow of air only from the side face
take a long time, especially in the process of introducing air. To date, long-term evacu-
ation and atmospheric exposure have been used to avoid this shortcoming. However,
time-resolved measurement has no such time margin. Therefore, a PTFE membrane
filter (0.5 um, TO50A025A; Advantec) was used for the cover. With a membrane filter,
air can enter and exit from the sample surface at a sufficiently high speed. For the
sample, a prepared glass plate with a hole was used as a spacer for filling. The simulta-
neous time-resolved operando measurement of PL and Quick-XAFS has been real-
ized. Figure 1 portrays a schematic diagram. The time resolution of PL measurements
and Quick-XAFS measurements was set to 1 min.

3. Results of PL and XAFS spectra

First, we discuss the PL measurement results. Figure 2 shows a time-resolved
operando measured PL curve of Ag-zeolite in the evacuation process (a) and the
air introduction process (b). In both cases, a PL band having a peak near 556 nm is
observed. When the evacuation was started, the PL band intensity decreased sharply
and then decreased gradually. Similarly, during the air introduction process, the
PL band intensity recovered rapidly in the early stage. Subsequently, it increased
gradually.

Figure 3 shows the normalized operando time-resolved Quick-XAFS measure-
ment spectra obtained for the Ag-X zeolite sample with step scan XAFS spectra in
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Evolution of the photoluminescence spectra of 86Ag-X: (a) evacuation process and (b) air introduction
process.
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Evolution of the X-vay absorbance spectra of 86Ag-X: (a) evacuation process and (b) air introduction
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(a) The k? y(k) spectra and (b) their Fourier transforms of 86Ag-X.

the evacuation process (a) and the air introduction process (b). In both the evacua-
tion process and the atmosphere introduction process, the XAFS spectrum changes
continuously from the initial state to the final state. It is exciting that well-defined
isosbestic points (e.g., marked by circles in Figure 3(B)) exist, which indicates that
no clear intermediate state exists. The transient spectrum is a mixed spectrum of the
initial sample and the final sample [27].

Figure 4 shows (a) the k*(k) spectraand (b) their Fourier transforms for before
and after evacuation and air introduction. To elucidate the structural parameters
around Ag atom, we applied least-squares fitting (curve-fitting) to XAFS data. These
results are discussed later.

4. Discussion

To reproduce XAFS spectrum of the intermediate state, a linear combination of
the step scan spectra under atmospheric and vacuum conditions was made. The XAFS
spectra simulated from the linear combination of them is shown in Figure 5.

Least-squares method was then used to ascertain which intermediate state spectra
could be approximated by which linear combined spectra. Based on the results, we
were able to plot the proportion of the XAFS spectrum in the atmosphere as a func-
tion of the evacuation time as shown in Figure 6 (as open circle). In this figure, the
integrated intensity of the PL band measured simultaneously is also shown (closed
circles). Similarly, the results obtained during the process of introducing air are
depicted in Figure 7.

In Figure 6, whereas the XAFS spectrum changes almost linearly from the initial
state to the final state, the PL intensity decreases immediately after the start of evacu-
ation. At 8 min after the start of evacuation, the change in XAFS is about one-fifth
from the initial state, whereas the PL intensity has decreased to 1/12.5. In other words,
the PL spectrum intensity change speed preceded the local structure change speed.
No simple correlation was found between the speeds of both changes. This finding
suggests that the PL almost disappears when about 20% of the Ag in the Ag-X zeolite
changes from the initial state. However, in the process of introducing the atmosphere
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Evolution of the PL intensity (solid circle) and the proportion of the XAFS spectrum (open circle) in the

evacuation process as a function of the evacuation time.

(Figure 7), the XAFS changes almost linearly, whereas the change in PL intensity is
somewhat complicated. The PL increases rapidly for about the first 10 min after the
introduction of the atmosphere. Thereafter, the PL intensity increases slightly until
about 35 min. Subsequently, the PL intensity again shows a gradual decrease. The
change in the XAFS spectrum ends approximately 40 min after introduction into the
atmosphere. Even in the process of introducing the atmosphere, the change in PL
intensity and the change in the XAFS spectrum do not match. The XAFS spectrum
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Evolution of the PL intensity (solid circle) and the proportion of the XAFS spectrum (open circle) in air
introduction processes as a function of the introduction time.

shows a 20% change after about 7 min, at which time the PL intensity had reached
about 60% of the maximum intensity.

The Table 1 presents the structural parameters obtained from the curve-fitting
to Ag K-edge XAFS. Especially, we specifically examine the coordination number
(Nag-ag) to Ag-Ag atom in the zeolite.

The values of Nagq of Ag-X zeolite in air and vacuum are, respectively, 1.55 and
2.07. The Ag species which might be present in Ag-X include the following: isolated
Ag (Nag.ag = 0), pairs (Nag.ag = 1), linear (or bent) triples (Nag.ag = 1.33), triangles
(Nag-ag = 2), tetrahedrons (Nag.ae = 3), and octahedrons (Npg.ag = 4).

Now we consider the models of Ag clusters produced in the zeolite cavity in air
and vacuum deduced from EXAFS results. Several possible combinations can satisfy
both the coordination number of Ag-X in the atmosphere (Nag.ag = 1.55) and the
coordination number in vacuum (Nag ag = 2.07), such as “pair and triangle”, “pair and
tetrahedron”, and “triple and triangle”. Among them, it is considered that the change
from the triple (Nag.aq = 1.33) to the triangle (Nag.ag = 2) can simply represent the
change from 1.55 to 2.07. However, no direct conversion occurs from triple to triangle.
For example, if one atom of a triple forms a triangle with another triple, a pair is
also formed simultaneously, which is inconsistent with the existence of an isosbestic
point. Based on the findings presented above, the simple combination most likely to
satisfy the coordination number of Ag-X zeolite is considered as the combination of
a pair and tetrahedron. When two pairs are twisted and the distance among the four
atoms is coordinated, a tetrahedron is formed. A schematic drawing is presented in
Figure 8.

Unheated roi(d)  Noi  60i(A) ro(Ad) No cox(A) rag(A) Nag oag(A)

sample

in atmosphere 2.37 3.6 0.14 3.05 0.5 0.08 297 1.55 0.15

in vacuum 2.29 34 0.14 294 04 0.1 2.84 2.07 0.15
Table 1.

Structural parameters v, N and o for Agss-X for unheated samples in atmosphere and vacuum.
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Figure 8.
Schematic drawing of mutual conversion model between pairs and tetrahedron.

Gonzales et al. assigned the double positively charged Ag, (H,0), and Ag, (H,0),
clusters to the PL emission species by XEOL measurement [28]. However, the light
observed by XEOL is an emission band excited by an energy of about 25.5 keV. No
evidence exists that it is the same species as PL species excited by UV-Vis light. We
measured PL and XAFS simultaneously and clarified that the formed cluster was not
a PL luminescent species.

Assuming that the ratio of the number of pairs to tetrahedra is 31:6, then the
average coordination number is 1.558, which is approximately equal to the coordina-
tion number in the atmosphere of 1.55. However, if the ratio of the number of pairs
to tetrahedrons is 21:11, then the average coordination number is 2.023, which is close
t02.07 in a vacuum. From these results, a model is conceivable by which evacuation
increases the tetrahedral clusters from 6 to 11. The pairs decrease from 31 to 21: about
10 pairs (20 Ag ions) of Ag change into tetrahedrons when Ag clusters are formed.
Results presented in Figures 5 and 6 show that only 2 Ag pairs (4 Ag ions) form
clusters, causing a rapid decrease in PL. In addition, during the collapse process, only
one tetrahedron becomes two pairs. The PL increases rapidly. This model, which can
clearly represent the change between the two states of Ag cluster formation and col-
lapse, is called the “pair and tetrahedron model” (PTM).

Importantly, PL is lost when clusters are formed by evacuation (Figure 6). This
result indicates that the cluster formed by the evacuation is not a PL luminescent
species. In Ag-A, when Ag clusters are formed by heat treatment and are then col-
lapsed, the PL intensity is increased considerably, but no change in local structure is
observed by XAFS [21, 22]. These facts suggest that a “metastable site contributing to
light emission” exists very close to the “stable site”. Unlike Ag-X, Ag-A and Ag-Y show
almost no PL when not heated [29]. This phenomenon is explainable by consider-
ing that Ag-X has 86 Ag per unit cell, which is higher than other types (Ag-A = 12,
AgY =51.2), and that Ag is located not only at stable sites but also at metastable
sites. Then, in the cluster formation process, Ag that is coordinated to an unstable
metastable site is consumed preferentially for cluster formation. Consequently, PL is
lost. However, in the cluster collapse process, PL recovers rapidly because the cluster
preferentially coordinates to metastable sites as the cluster collapses (Figure 7,

10 min). It is conceivable that the two pairs coordinated to the metastable site move
to the more “stable site” over time. Subsequently, the collapsed Ag coordinates to
this vacant metastable site. The Ag exchange is considered to occur at the metastable
site. In other words, the increase in Ag at the metastable site becomes slower by

the amount of Ag moving to the stable site. Accordingly, the PL intensity increases
gradually (Figure 7, 10-35 min). The change in XAFS has stopped in 40 min. The
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collapse of the Ag cluster is completed in 40 min. The decrease in PL intensity after
40 min is explainable by considering that Ag is moving gradually from the meta-
stable site to the stable site. Considering the existence of metastable sites contribut-
ing to PL, one can explain the phenomenon by which PL disappears because of the
formation of a small amount of Ag cluster. The PL intensity increases considerably
because of the slight collapse.

5. Conclusion

This study was conducted to elucidate the PL mechanism of Ag-type zeolite by
the construction of a model that can explain the PL expression mechanism. For that
purpose, XAFS measurements that can analyze local structure are combined with
PL measurements. Simultaneous operando time-resolved measurements of PL and
transmission Quick-XAFS during evacuation and introduction to the atmosphere
were taken to elucidate the formation and collapse processes of Ag clusters. Based
on those findings, we attempted to ascertain the PL mechanism. From results of this
experiment, the formation and collapse processes of Ag clusters in Ag-X zeolite are
explainable by Ag species of two types: a pair and a tetrahedron. Then we confirm
that the Ag cluster is not related directly to light emission. We predict the existence
of metastable sites in zeolite as PL emission species. Furthermore, we propose a PTM
that can explain only two pairs of Ag (4 Ag) that contribute to PL.
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Chapter 2

Some New Progress in the
Experimental Measurements on
Electrical Property of Main
Minerals in the Upper Mantle at
High Temperatures and High
Pressures

Lidong Dai, Haiying Hu, Yu He and Wengqing Sun

Abstract

In this chapter, we present the recent progress in the experimental studies of the
electrical conductivity of dominant nominally anhydrous minerals in the upper man-
tle of the deep Earth interior, namely, olivine, pyroxene, and garnet. The influences
from pressure, oxygen partial pressure, and anisotropic orientation on hydrous and
anhydrous electrical conductivities of minerals and rocks have been already explored
detailedly. There are two main electric conduction mechanisms in Fe-bearing mantle
minerals, for example, small proton and proton hopping conditions, which are well
distinguished by the magnitude of activation enthalpy at high temperature and high
pressure. Likewise, the conduction mechanisms are efficiently characterized by these
obtained positive and negative effects from the oxygen fugacity on electrical conduc-
tivities of corresponding dry and wet Fe-bearing silicate minerals at the regions of the
upper mantle under conditions of different oxygen partial pressures. On the base of
high-pressure laboratory-based conductivity measurements for these nominally
anhydrous minerals (e.g., olivine, pyroxene, and garnet), the water content will be
estimated within the depth range of the upper mantle. In comprehensive consider-
ations of filed geophysical magnetotelluric results, the electrical conductivity
measurements of dominant upper-mantle minerals can thoroughly disclose the
distribution, storage state, and migration conduction in the deep Earth interior.

Keywords: electrical property, upper-mantle minerals, water content, oxygen
fugacity, high temperatures and high pressures
1. Introduction

Global and regional field magnetotelluric (MT) and geomagnetic deep sounding
(GDS) results revealed that there existed many high electrical conductivity layers
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(HCL) in various geotectonic units in the deep Earth’s interior (the magnitude of
electrical conductivity range is 1072-10° S/m) [1, 2]. To investigate the cause of all of
these available high conductivity layers, it is crucial to measure the electric transport
properties of minerals and rocks at certain high-temperature and high-pressure con-
ditions. As one of the crucial physical parameters of minerals, electrical conductivity
(EC) is highly sensitive to temperature, pressure, and depth, which is strongly
dependent on the physical and chemical environments in the deep Earth and other
planetary interiors [3-5]. In particular, EC is dependent on several factors such as
diffusion coefficients of alkali ion [6, 7], trace elemental contents [8], the spin transi-
tion of the electron [9, 10], anisotropic crystal orientation [11-15], contents of water
and other volatile elements [16-18], partial melting [19-21], dehydration

(or dehydrogenation) effects of minerals [22-24], impurity of high-conductivity
phase [25, 26], salinity-bearing (or water-bearing) fluids [27, 28], and structural phase
transformation (amorphization or metallization) [29-34].

In the recent 20 years, with the development of measuring techniques and exper-
imental methods of electrical conductivity in the AC electrical impedance spectros-
copy (EIS) technique and multi-anvil high-pressure apparatus, there is a large number
of research results on the electrical properties of minerals and rocks to be reported in
the upper-mantle and mantle transition zone. Some international famous research
administrations have successfully set up the experimental platform and measurement
system of minerals and rocks at high temperatures and high pressures, such as the Key
Laboratory of High-temperature and High-pressure Study of the Earth’s Interior
(HTHPSEI), Institute of Geochemistry, Chinese Academy of Sciences, the People’s
Republic of China; the Karato High-pressure Laboratory, Department of Earth and
Planetary Sciences, Yale University, United States; the Laboratoire Magmas et
Volcans, Université Clermont Auvergne, French National Centre for Scientific
Research, France; the Scripps Institution of Oceanography, University of California
San Diego, United States; University of Bayreuth, Germany; and Okayama University,
Japan.

As we know, previously available classic “Pyrolite” mineralogical models have
already confirmed that the nominally anhydrous minerals (NAMs, e.g., olivine,
pyroxene, and garnet) are dominant mineralogical composition in the upper mantle of
the deep Earth interior. In light of the FTIR result, these NAMs can contain a certain
amount of structural water rather than absolutely “dry.” Whereas, it is general that
the trace structural water in NAMs stably exists as a form of hydroxyl point defect of
the crystalline site in these minerals. Due to the presence of trace structural water in
NAMs, many physical and chemical properties of NAMs have been thoroughly
changed accordingly, such as electrical conductivity [3, 8, 13-18, 35], diffusivity
[36, 371, plastic deformation [38, 39], seismic wave attenuation [40, 41], grain growth
[42, 43], and kinetic recrystallization [44, 45]. In the world, by virtue of the theoret-
ical calculations of Nernst-Einstein equation between the electrical conductivity and
coefficient in mineral, Professor Shun-ichiro Karato from the Karato High-pressure
Laboratory, Department of Earth and Planetary Sciences, Yale University, United
States firstly brought forward the viewpoint that the trace structural water in hydrous
olivine can enhance several orders of magnitude in the EC of upper-mantle mineral,
which can be used to reasonably explain the observed high conductivity anomaly in
the region of asthenosphere [46]. In the following 20 years, as a research hotpoint in
the field of solid Earth science, a large amount of research work of electrical conduc-
tivity of minerals and rocks from the laboratory high-pressure experiments and theo-
retical calculations investigated have been conducted to focus on this hypothesis of
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water for the NAMS in the upper-mantle zone (olivine: [8, 13-15, 47-50], pyroxene:
[51], and garnet [52-54]). In the year 1998, it is first that Xu Yousheng from the
Bayerisches Geoinstitut, University of Bayreuth, Germany fetched in AC electrical
impedance spectroscopy (EIS) technique and applied it to report a series of electrical
conductivity of minerals, such as olivine, orthopyroxene, and garnet of the upper
mantle; wadsleyite of mantle transition zone; as well as the silicate perovskite of the
lower mantle under conditions of high temperatures and high pressures in the multi-
anvil high-pressure apparatus [55-60]. Generally, to explore the effect of water on the
electrical conductivity, we need to obtain a series of starting materials of hydrous
either hot-pressure sintering synthetic or natural hydrous samples. Then, at a fixed
temperature and pressure condition, we can measure the electrical conductivity of
hydrous minerals. Further, the functional relationship between the EC and water
content can be established at HP and HT conditions, thereby providing constraints of
the water content in the deep Earth’s and planetary interiors.

In this chapter, we reviewed some recent progress in the electrical conductivity of
the main NAMs in the region of the upper mantle, that is, olivine, pyroxene, and
garnet at conditions of high temperatures and high pressures. Then, some experimen-
tal methods, measurement techniques, and electrical transport conductions on the
electrical conductivity of minerals are summarized in the multi-anvil high-pressure
apparatus. The newest progress in the recently reported conductivity measurements is
outlined in detail. Finally, some comprehensive remarks on the mineral electrical
conductivity are discussed.

2. Electrical conductivity of upper-mantle minerals

The electrochemical AC impedance spectroscopy is the most efficient method
to measure the electrical conductivity of minerals and rocks at HT and/or HP
conditions [61-64]. The AC signal voltage and scanning frequency need to be
designated before the sample resistance is measured. As usual, for a special
mineral single specimen, the electrochemical AC impedance spectroscopy of samples
consists of grain boundary impedance arc, and as well as the interface impedance
between sample and electrode. However, for a special polycrystalline aggregate or
rock, the electrochemical AC impedance spectroscopy of samples consists of grain
boundary impedance arc, grain boundary impedance, and the interface impedance
between sample and electrode. For each individual complex impedance spectroscopy,
there are four parameters to be obtained at the same time, for example, real part,
imaginary part, magnitude, and phase angle at the same time. The relation can be
expressed as,

Zy =|Z|cosg (1)
Z; = |Z|sing (2)

Here, Z, stands for the real part of complex impedance spectroscopy, Z; stands for
the imaginary part of complex impedance spectroscopy, |Z| stands for the magnitude
of complex impedance spectroscopy, and ¢ stands for the phase angle of complex
impedance spectroscopy. Representative complex impedance spectra for natural
eclogite from the Dabie-Sulu ultrahigh-pressure metamorphic belt of eastern China
are shown in Figure 1.
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Figure 1.

Representative complex impedance spectra for natural eclogite from Dabie-Sulu ultrahigh-pressure metamorphic belt
of eastern China at conditions of 3.0 GPa, 873 K-1173 K and frequency range of 10 *—10° Hz (reproduced with
permission from Dai et al., Geochem. Geophys. Geosyst.; published by American Geophysical Union, 2016 [4]).

Detailed description of measurement theory and experimental method of
impedance spectroscopy are given in our previous review chapter [9]. The equivalent
electric circuit was selected to fit the impedance spectroscopy of the sample, which is
composed of some fundamental electronic elements (e.g., resistor, capacitor,
inductor, constant phase element (CPE), Gerischer element, Warburg element, etc.)
[65-68]. After that, the electrical conductivity of the sample was obtained by the
sample resistance, the calculating formula is expressed as,

1 L
°= T ®RxS) ©)
In here, o stands for the electrical conductivity (S/m), p stands for the electrical
resistivity (m/S), L stands for the sample height (m), and S stands for the cross-
sectional area (m?). At a given pressure condition, it is usual that the electrical
conductivity of sample and temperature satisfies with an Arrhenius relation, namely,

AH
0 = 00 €Xp ( 1(’11> (4)

In here, 69 stands for the pre-exponential factor (S/m), AH stands for the activation
enthalpy (eV), k stands for the Boltzmann constant and T stands for temperature (K).

3. High-pressure apparatuses for conductivity measurements

In the recent several years, many researchers developed the high-pressure electri-
cal property experiments of minerals and rocks by virtue of various high-pressure
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experimental apparatuses. From lower to higher pressure conditions, some typical
high-pressure apparatuses on the laboratory-based electrical conductivity measure-
ments are mainly included autoclave, piston-cylinder, multi-anvil press, and
diamond anvil cell. In this counterpart, we focus on two types of multi-anvil appara-
tuses—(i) YJ-3000 t multi-anvil press is equipped in the Key Laboratory of High-
temperature and High-pressure Study of the Earth’s Interior (HTHPSEI), Institute of
Geochemistry, Chinese Academy of Sciences, the People’s Republic of China and (ii)
Kawai-1000 t multi-anvil Press is equipped in the Karato High-pressure Laboratory,
Department of Earth and Planetary Sciences, Yale University, United States.

3.1 YJ-3000 t multi-anvil press

Early on half a century ago, Xie Hongsen and his coworkers successfully set up one
multi-anvil press of the YJ-3000 t in the Key Laboratory of HTHPSEI, Chinese
Academy of Sciences, People’s Republic of China. All of these available high-pressure
measurement methods including the direct current, single frequency AC, multi-
frequency electrical bridge, and electrochemical AC impedance spectroscopy are
widely adopted in the past several years. Iz situ high-pressure EC results on minerals
and rocks have been published by many previous researchers using this high-pressure
apparatus [69-87]. Dai Lidong and his collaborator [88-91] have developed the HP-
HT electrical conductivity platform of minerals and rocks in HTHPSEI, as shown in
Figure 2. It is composed of three main counterpart pieces of equipment, namely, (a)
the pressure-generated apparatus of the YJ-3000 t multi-anvil press; (b) the

Figure 2.

High-pressure conductivity measurement platform and experimental setup in the Y]-3000 t multi-anvil press is
equipped in the Key Laboratory of High-temperature and High-pressure Study of the Earth’s interior (HTHPSEI),
Institute of Geochemistry, Chinese Academy of Sciences, the People’s Republic of China. (a) The Y]J-3000 t multi-
anvil apparatus; (b) the Solartron-1260 and Solarton-1296 interface impedance spectroscopy analyzer operating
in the two-electrodes configuration for complex EIS measurements in the frequency range 10~ * Hz—10” Hz; (c) the
vertex-70v vacuum Fourier-transform infrared spectroscopy (FT-IR) analyzer to check the water content of
sample.
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Solartron-1260 and Solarton-1296 interface impedance spectroscopy analyzer operat-
ing in the two-electrodes configuration for complex EIS measurements in the fre-
quency range 10~ * Hz-10” Hz; and (c) the Vertex-70v vacuum Fourier-transform
infrared spectroscopy (FT-IR) analyzer to check the water content of the sample. The
influential ingredients include temperature, pressure, frequency, oxygen fugacity,
water content, iron content, crystallographic anisotropy, grain boundary state, the
content of alkali metallic elements, etc. on the electrical characterizations of

minerals and rocks have already been explored using this high-pressure conductivity
measurement platform in details.

In addition to the in situ EC measurements, it has recently become possible to
measure some other high pressure-dependent physical properties of minerals and
rocks by using the YJ-3000 t multi-anvil press, such as the ultrasonic elastic wave
velocity, thermal conductivity, thermal diffusivity, and kinetics of grain growth.
[92-100]. Except for wide application in the field of high-pressure mineral physics,
the YJ-3000 t multi-anvil press is one of the indispensable tools in some other aspects
of high-pressure material science and high-pressure condensed physics.

3.2 Kawai-1000 t multi-anvil press

A representative high-pressure EC experimental assemblage in the Kawai-1000 t
multi-anvil press installed in the Karato High-pressure Laboratory, Department of
Earth and Planetary Sciences, Yale University, United States [3, 8, 13, 14, 47-49, 51, 52]
is displayed in Figure 3. Eight cubic WC anvils (it is corresponding to each edge length
26 x 26 x 26 mm?) with the 3-18 mm truncation was adopted to provide a high-
temperature and high-pressure quasi-hydrostatic environment. Pressure calibrations
were performed by pressure-induced structural phase transformations of some repre-
sentative semiconducting materials (e.g., pure metallic bismuth, ZnTe, GaP, GaAs,

6.8 mm

Figure 3.

Sample assembly for the electrical conductivity measurement of minerals and rocks in the Kawai-1000 t multi-
anvil press from Shun-ichiro Karato’s group from the Karato high-pressure laboratory, Department of Earth and
Planetary Sciences, Yale University, United States: (1) metallic Mo ring; (2) MgO octahedral pressure medium
with its edge length of 14 mm; (3) sample; (4) zirconia; (5) Al,O4 cement; (6) electric grounding; (7) lead wire
of metallic electrode and Al,O; insulation tube; (8) insulation tube made of four hole alumina; (9) heater of
lanthanum chromite; (10) two symmetric buffer electrodes; (11) MgO insulation tube; (12) metallic shielding
case made of Ni, Fe, Re or Mo foil; and (13) thermocouple and Al,O; insulation tube.
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etc.) at atmospheric pressure, the structural phase transformation between a-quartz,
B-quartz, coesite, and stishovite, and as well as phase transitions between olivine,
wadsleyite, ringwoodite, and bridgmanite. The pressure-transmitting medium is made
of pure or Cr,03-doped or Co-doped octahedral magnesium oxide. Two symmetric
metallic discs are employed as electrodes of electrical conductivity measurement. A
layer of metallic foil was installed to remove the signal disturbance of the measurement
electric circuit and environmental noise. As usual, the ordinary heater, such as stainless
steel slice, graphite, tantalum slice, and rhenium slice, is reasonably selected on the
base of target temperature during a given electrical conductivity measurement. The
temperature in the sample chamber is precisely measured by the B-type Pt7go,Rh300,-
Ptg49,Rhgo, thermocouple or K-type thermocouple. The experimental errors of pressure
and temperature are not more than 0.5 GPa and 10 K, respectively.

4. Electrical conductivity of major minerals in the upper mantle

As one crucial cycling of deep Earth interior at the depth range from 80 km to
410 km, the upper mantle mainly contains three main dominant rock-forming min-
erals, that is olivine, pyroxene, and garnet. Previous available high-pressure experi-
mental results have already confirmed that the electrical conductivity of upper-mantle
minerals is highly sensitive to all of these influence ingredients, such as high temper-
ature, high pressure, oxygen partial pressure, trace structural water, iron-bearing
content, grain boundary state, graphite layer of grain boundary, magnetite-bearing
impurity, titanium-bearing content, chromite-bearing content, sulfur-bearing con-
tent, the orientation of crystallographic axis, and partial melting, which is most
concerned in the recent several years. Because the crucial effect of water content on
EC of minerals and rocks in these representative regions of upper-mantle and mantle
transition was neglected by other research groups, in the following paragraph, we
mainly pay attention to some related results from Dai Lidong’s group from the
high-pressure conductivity results from the Key Laboratory of High-temperature and
High-pressure Study of the Earth’s Interior (HTHPSEI), Institute of Geochemistry,
Chinese Academy of Sciences, the People’s Republic of China, and as well as Shun-
ichiro Karato’s group from the Karato High-pressure Laboratory, Department of Earth
and Planetary Sciences, Yale University, United States.

4.1 Electrical conductivity of olivine

As a major rock-forming silicate mineral and nominally anhydrous mineral, olivine
occupies ~60% of the volume proportion of upper-mantle minerals. Therefore, most
of the previously available profile between the electrical conductivity and depth was
successfully constructed by the laboratory-based electrical conductivity of olivine data
at high-temperature and high-pressure conditions. Electrical conductivities on those
of natural olivine single crystal, polycrystalline olivine aggregates, and hot-pressed
sintered synthetic olivine have already been performed, especially considering the
effects of pressure, oxygen partial pressure, iron-bearing content, and orientation of
crystallographic axis on the EC of hydrous olivine.

In an early 1990 year, Roberts and Tyburczy [62] reported the room-pressure
electrical conductivity of polycrystalline olivine aggregates using impedance electro-
chemical impedance spectroscopy (EIS) method under conditions of frequency of 10~ *~
10* Hz and 1073 K-1673 K. They discussed the influence of anisotropic thermal
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expansion-induced porosity and microfracture on the high-temperature electrical
conductivity of polycrystalline olivine aggregates. At their measured olivine aggre-
gates with the volume percentage of 2-8% inter- and intra-granular porosity and
microfracturing, its effect becomes very feeble for the total electrical conductivity of
olivine. In light of their findings, subsequent investigations on the electrical proper-
ties of upper-mantle polycrystalline samples do not need to consider the effects of
porosity and microcracking. The previous investigation of pressure influence on the
EC of olivine single crystal was reported by Xu et al. [55] using the EIS method in the
Kawai-1000 t multi-anvil press. Detailed experimental conditions are controlled by
pressures of 4-10 GPa, temperatures of 1273-1673 K, frequencies of 10 '-10° Hz,
and as well as the solid oxygen buffer of molybdenum and molybdenum dioxide. The
acquired pre-exponential factor (6o) of ~200 S/m, the activation energy (AE) of
144.7 kJ/mol and the activation volume (AV) of 0.6 cm>/mole are well characterized
by fitting Arrhenius relation at upper-mantle temperatures and pressures [60]. A
negative pressure-dependent EC of olivine single crystal was also observed, and the
electrical conduction mechanism of small polaron hopping between the ferrous and
ferric irons of crystalline position was proposed. However, unfortunately, in all of
those published results on the EC of olivine and its correspondent high-pressure
polymorph in the regions of the upper mantle, mantle transition zone, and lower
mantle, Xu et al., did not provide any available information on the water content of
the selected experimental samples [55-60].

The first research work for the effect of water on the EC of upper-mantle olivine
was found by Karato [46] on the basis of the theoretical calculating of Nernst-Einstein
equation, who brought forward that the trace structural water of nominally hydrous
minerals plays a vital role in the EC of olivine in the upper mantle. To check this
theoretical calculating hypothesis, the EC of hydrous synthetic polycrystalline olivine
compacts was firstly conducted by Wang et al. [17] in Shun-ichiro Karato’s group from
the Karato High-pressure Laboratory, Department of Earth and Planetary Sciences,
Yale University, the United States at conditions of a pressure of 4.0 GPa, temperature
ranges from 873 K to 1273 K and water content ranges from 100 ppm wt% to
800 ppm wt%, using the Kawai-1000 t multi-anvil press and the Solarton-1260 EIS
analyzer (Schlumberger, Houston, TX, USA). It is the first time that the ionized
reaction model in hydrous synthetic polycrystalline olivine compacts is originated
from the free proton-dominated conduction mechanism, as follows,

(2H),;, =Hy, + H’ (5)

where, in the Kréger-Vink notation, (2H),; represents two hydrogens of crystalline
lattice in the position of metallic iron or magnesium, H), represents the hydrogen
vacancy in the position of metallic iron or magnesium, and H" represents the free
proton.

Furthermore, a series of hydrous electrical conductivity measurements on single-
crystal olivine with different crystallographic orientations, synthetic polycrystalline
olivine compacts, and synthetic hot-pressed polycrystalline olivine aggregates have
been extensively studied by virtue of Kawai-1000 t multi-anvil press and the EIS
methods in recent several years [8, 13, 14, 47-49]. Figure 4 shows the influences of
temperature, pressure, oxygen fugacity, iron-bearing content and water-bearing con-
tent on hydrous synthetic polycrystalline olivine compacts, and hydrous hot-pressed
synthetic polycrystalline olivine aggregates at the temperature ranges from 873 K to
1273 K and pressure ranges from 4.0 GPa to 10.0 GPa.
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Figure 4.

The effects of (a) water content on the EC of Xg, (Fe/(Fe + Mg)) = 41.2% hydrous hot-pressed synthetic
polycrystalline olivine aggregates, (b) pressure on the EC of hydrous synthetic polycrystalline olivine compacts, (c)
oxygen fugacity on the EC of hydrous synthetic polycrystalline olivine compacts, and (d) water-bearing content and
temperature on the EC of Xp, (Fe/(Fe + Mg)) = 41.2% hydrous hot-pressed synthetic polycrystalline olivine
aggregates at the temperature ranges from 873 Kto 1273 K and pressure vanges from 4.0 GPa to 10.0 GPa. Three
oxygen buffers including Ni-NiO, Mo-MoO,, and Re-ReO, were selected to oxygen fugacity during the process of
high-pressure electrical conductivity measurements (veproduced with permission from Dai and Karato, Phys.
Earth Planet. Inter.; published by Elsevier, 2009 [47-49]).

For hydrous hot-pressed synthetic polycrystalline olivine aggregates with fixed
iron-bearing content, Xg. (= (Fe/(Fe + Mg))) = 41.2% (molar ratio percentage), the
electrical conductivity of the sample increases with the rise of water contents from
45 ppm wt% to 620 ppm wt%, and one relatively a fixed activation enthalpy
(AH = 80 kJ/mole) is observed under conditions of different water contents and
temperatures (refer to Figure 4a and d). The activation enthalpy for hydrous hot-
pressed synthetic polycrystalline olivine aggregates is lower than that of the AH of dry
sample (136 kJ/mole) with the fixed iron content [47]. The influence of pressure on
the EC of hydrous synthetic polycrystalline olivine compacts at conditions of 873—
1273 K and the oxygen buffer of Ni-NiO controlled oxygen fugacity is displayed in
Figure 4b. It makes clear that the EC of hydrous synthetic polycrystalline olivine
compacts decreases with the pressure increasing from 4.0 GPa to 10.0 GPa, and at the
same time, the activation enthalpy and pre-exponential factor of the sample also
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reduce, accordingly [49]. Figure 4c displays the influence of oxygen fugacity on the
EC of hydrous synthetic polycrystalline olivine compacts under conditions of 4.0 GPa,
temperatures range from 873 K to 1273 K and fixed water content of 280 ppm wt%.
Three oxygen buffers including Ni-NiO, Mo-MoO,, and Re-ReO, were selected to
oxygen fugacity during the process of high-pressure electrical conductivity measure-
ments. An available negative electrical conductivity of sample dependence on the
oxygen fugacity is observed at each given temperature point at 4.0 GPa, which is
attributed to the hydrogen-related defects in hydrous synthetic polycrystalline olivine
compacts at conditions of high temperature and high pressure [48]. In all these listed
previous cases, the relationship between the logarithm of EC of hydrous (or dry)
polycrystalline olivine and the inverse temperature follows a good Arrhenius relation,
which is clearly suggesting only one single conduction mechanism controlling the
electrical conductivity of hydrous (or dry) sample at high pressure. Furthermore, as
pointed out by Dai and Karato [47-49], the dominant conduction mechanisms in the
hydrous and anhydrous polycrystalline olivines are corresponding to the hydrogen-
related defects (e.g., free proton) and iron-related defects (e.g., small polaron),
respectively.

On the other hand, Dai and Karato [13, 14] also measured the EC of hydrous San
Carlos single-crystal olivine along with [001, 010, 100] three different crystallo-
graphic orientations at conditions of 573-1373 K and 4.0 GPa, as illustrated in Figure 5
in details. It is clearly observed that at lower temperatures range from 573 K to 900 K,
one relatively feeble anisotropic EC in hydrous San Carlos single-crystal olivine with a
lower activation enthalpy value (AH = 74 kJ/mole) is obtained, which is consistent
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Figure 5.
The influence of anisotropy on the EC of hydrous San Carlos single crystal olivine along [001, 010, 100] three
different crystallographic orientations at conditions of 573-1373 K and 4.0 GPa. Three different average schemes

of series (65 = (6(100] + Gloro] + Oloos))/3) parailel (op = 3( 41 )71 ) and effective medium models

Olic0]  Oloto] ~ Olooa

({o) = [Us +op++/(os+o0p)* + 32650‘p} /8) were applied. (Reproduced with permission from Dai and
Karato, Earth Planet. Sci. Lett; published by Elsevier, 2014 [13]).
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with previously published EC results [11, 101-103]. In contrast, at a higher tempera-
ture ranges from 900 K to 1373 K, the EC of hydrous San Carlos single-crystal olivine
with a higher activation enthalpy value (AH = ~130-150 kJ/mole) shows an obvious
anisotropy along with [001, 010, 100] three different crystallographic orientations,
which is good agreement with the theoretical calculating electrical conductivity results
by virtue of high-temperature H-D inter-diffusion method in hydrous single-crystal
olivine along with [001, 010, 100] three dominant crystallographic orientations at
conditions [104].

In comprehensive considerations of geophysical field observations and geochemi-
cal models, the acquired EC results revealed that the high and highly anisotropic EC at
the corresponding asthenospheric temperature and pressure conditions is reasonably
explained by the high-water content in the region of the asthenosphere (100 ppm).
On the other hand, the influence of the interconnected high conductive impurity
phases (graphite, magnetite, chromite, sulfide impurity, etc.) and saline fluids
(e.g., O1-NaCl-H,0, OI-KCI-H,0, Ol-CaCl,-H,0, etc.) on the EC of olivine has been
also explored in details [25-28, 105-107].

Except for high-pressure experimental measurements on the electrical conductiv-
ity of hydrous olivine, some important progress from the first-principles calculations
based on density functional theory (DFT) has already been performed in order to
deeply explore the microscopic electrical transport conduction within an atomic scale
in the deep Earth interior. Recently, He et al. [15] firstly designed several point defect

models (e.g., (2H)y,, (4H)g;» {(Fe);wg (H );\,Ig} * etc) by using the ab-initio molecular

dynamics (AIMD) method, and applied them to efficiently provide a robust constraint
on different contributions of hydrogen and iron within a wide temperature range of
700-2000 K at 5.0 GPa. Some crucial findings were obtained— (i) the mobility of
hydrogen associated with Mg vacancy and Fe** defects change significantly with
temperature; (ii) at high temperature, hydrogen is able to escape from the associated
defect to form “free proton,” which is able to diffuse freely in olivine lattice shown
high proton conductivity; (iii) the diffusion of ionized protons is highly anisotropic
with extraordinary high diffusion coefficient along with [100] direction, and (V)
hydrogen associated with Si vacancy is stable even at 2000 K. It suggests that different
kind of hydrogen defect present different mobility at high temperature with great
influence on ionic conductivity of hydrous olivine. AIMD simulations on hydrous
wadsleyite and ringwoodite also suggest a higher diffusion rate of hydrogen at Mg
vacancy in comparison with hydrogen at Si vacancy [108]. The migration barrier
enthalpies of hydrogen along different lattice directions were calculated by using the
climbing image nudged elastic band (CINEB) method [109]. The calculation results
support the anisotropic diffusion behavior of hydrogen in hydrous olivine. The acti-
vation enthalpies for proton migration along with [100] direction in different models
is about 180-240 kJ/mole, which is similar to the experimental results obtained by
conductivity (140 + 6 kJ/mole) and diffusion coefficient (229 + 18 k]J/mole) mea-
surements [13, 37]. Based on all of these obtained calculation results, an ionization-
hopping proton conduction mechanism is proposed and the conductivity is calculated,
as shown in Figure 6. Obviously, an approximately 80-160 ppm wt water content
(correlated with Mg/Fe defects) in olivine is sufficient to produce the high and highly
anisotropic conductivity anomaly (~10"" S/m). The results are consistent with previ-
ous experimental studies and provide a good constraint on the conduction mechanism
within an atomic scale for hydrous olivine. It also suggests previous conductivity
measurements at relatively low temperatures ignored the contribution of ionized
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The extrapolated proton and total conductivities of Fe-bearing hydrous olivine as the function of inverse
temperature and water content compared with experimental vesults [13, 15, 110]. In here, the vertical axis
stands for the logarithic electrical conductivity (the corresponding unit is S/m) and the horizontal axis stands
for the inverse temperature (the corresponding unit is Kelvin), respectively. The conductivities with 16, 8o,
160, and 800 ppm wt water content associated with Vy, or Fe>*. Thick-light curves are the total conductivities

counting on the measured conductivities of dry olivine [111]. Light yellow and cyan aveas show the conductivity
range vepresenting conductivity structures at the asthenosphere (Reproduced with permission from He et al., ].
Geophys. Res. Solid Earth; published by American Geophysical Union, 2121 [15]).

hydrogen, thus the extrapolated data underestimates the proton conduction for the
electrical conductivity of hydrous olivine at high temperatures of the asthenosphere.

4.2 Electrical conductivity of pyroxene

As a secondary rock-forming mineral in the upper mantle, the volume percentage
of pyroxene is close to the average content of 20-40% in a typical upper-mantle
region. Thus, high-pressure electrical conductivity measurement on pyroxene is cru-
cial to deeply explore the high conductivity anomalies in the regions of the upper
mantle and mantle asthenosphere. For anhydrous clinopyroxene, Dai et al. [111]
measured EC of dry single-crystal diopside along with [001, 010, 100] three main
crystallographic orientations at 1.0-4.0 GPa, 1073-1373 K, and Ni-NiO oxygen buffer
controlled oxygen fugacity in the YJ-3000 t multi-anvil apparatus and the Solartron-
1260 impedance spectroscopy analyzer. A feeble influence of anisotropy on the elec-
trical conductivity of dry single-crystal diopside was observed. Similarly, the influ-
ence of oxygen fugacity on the electrical conductivity of dry orthopyroxene single
crystal by Dai et al. [112] was performed at 1.0-4.0 GPa, 1073-1423 K, and different
oxygen fugacities. The oxygen fugacity in the sample chamber of EC measurements is
controlled by four solid buffers of nickel and nickel oxide, iron and magnetite, and as
well as molybdenum and molybdenum dioxide. A positive dependence of oxygen
fugacity on the EC of orthopyroxene single crystal is observed at a given temperature
range from 1073 K to 1423 K and 2.0 GPa, which is highly related to the conduction
mechanism of small polaron hopping in the anhydrous iron-bearing silicate mineral at
high pressure.

On the other hand, EC measurements of anhydrous and hydrous orthopyroxene
single crystals along with three main crystallographic orientations were performed by
Dai and Karato [51] at conditions of 8 GPa, temperatures of 873-1273 K, and as well as
the oxygen fugacity controlled by the molybdenum and molybdenum dioxide using
the Kawai-1000 t multi-anvil apparatus and the Solartron-1260 impedance spectros-
copy analyzer. Detailed experimental results were illustrated in Figure 7. According to
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The influence of anisotropy on the electrical conductivity of hydrous single-crystal orthopyroxene along
[001, 010, 100] crystallographic orientations at conditions of 8 GPa, temperatures of 873-1273 K, and
as well as the oxygen fugacity controlled by the molybdenum and molybdenum dioxide. The EC of dry
single-crystal orthopyroxene is also included (modified from Dai and Karato [51]).

the FT-IR spectroscopy results, the hydrous orthopyroxene single crystals contain
420 ppm wt% water. They found that trace structural water can enhance several
orders of magnitude in the EC of orthopyroxene single crystals. The effect from the
anisotropy of hydrous orthopyroxene on the EC of the sample can be neglected, which
is consistent with the above-mentioned dry single-crystal diopside. As two main
conduction mechanisms, small polaron and free proton play a crucial role in the
electrical conductivity of anhydrous and hydrous orthopyroxene single crystals at
high-temperature and high-pressure conditions.

In the recent days, Sun et al. [27] performed electrical conductivities of the poly-
crystalline clinopyroxene aggregates + sodium chloride + water system under condi-
tions of 1 GPa, 673-973 K, the various salinity degree of fluid (5, 10, 15, 20, and 25%),
and the volume fraction of fluid (5, 10, 15, 20, and 25%) using the YJ-3000 t multi-
anvil apparatus and the Solartron-1260 impedance spectroscopy analyzer. They found
that the electrical conductivity of polycrystalline clinopyroxene aggregates containing
the salinity-bearing fluid with a certain salinity degree and volume fraction of fluid
can be applied to explain the unusually high conductivities in some regional geotec-
tonic units, such as southern Tibetan plateau, Dabie orogen, Grenville province, and
central New Zealand.

4.3 Electrical conductivity of garnet

As a type of important constituent silicate mineral, garnet can stably exist over a
wide depth from lower crust Earth to the topmost lower mantle. With increasing
temperature and pressure in the deep Earth interiors, the form of pyrope-rich garnet
in the lower Earth crust gradually transforms into the high-pressure phase of majorite
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garnet in the mantle transition zone, which is of the complex chemical composition
and stable crystalline structure. Furthermore, the mineralogical content of garnet in
the deep Earth interiors will gradually increase with the rise of depth [113]. Therefore,
when we try to construct the profile between electrical conductivity and depth in the
deep mantle of Earth’ interior, it is indispensable to comprehensively assess the
influence of electrical conductivity of garnet at high temperatures and high pressures.

Dai and Karato [52] conducted the EC measurements of anhydrous and water-rich
single-crystal pyrope-rich garnet [its corresponding chemical composition is close to
73 mole% of pyrope (Py), 14 mole% of almandine (Alm), and 13 mole% of grossular
(Gr)] at conditions of temperature range from 873 K to 1473 K, pressure ranges from
4 GPa to 16 GPa, frequency ranges from 102 Hz to 10° Hz and water-bearing content
range from less than 10 H/10°Si to 7000 H/10°Si using the Kawai-1000 t multi-anvil
press installed in the Karato High-pressure Laboratory, Department of Earth and
Planetary Sciences, Yale University, United States. Figure 8 shows the effect of pres-
sure on the dry and water-bearing (160 ppm wt) single crystal pyrope-rich garnet at
temperatures of 873-1473 K. In comparisons with water-free water of pyrope-rich
garnet, the electrical conductivity of the hydrous sample is higher, and the activation
enthalpy of pyrope-rich garnet (AH = ~70 kJ/mole) is lower than that of the anhy-
drous sample (AH = ~128 kJ/mole).

In subsequent investigations, a series of EC experiments on garnet with different
chemical compositions (Py,0AlmyGrsy, Py3oAlme;Grs;, PyseAlmy3Grsy,
Py;3Alm;4Grs;3 and Almg,Py;5Grs;) were conducted by Dai et al. [53, 54] using the
YJ-3000 t multi-anvil apparatus and the Solartron-1260 impedance spectroscopy ana-
lyzer to explore the influences of oxygen fugacity and mineralogical composition on
the EC of garnet at 1.0-4.0 GPa and 873-1273 K. Five different solid buffers including
Fe304-Fe,03, Ni-NiO, Fe-Fe;04, Fe-FeO, and Mo-MoO, were employed to control the
oxygen fugacity of the high-pressure sample chamber. Based on these obtained
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Figure 8.

The influence of pressure on the dry and water-bearing (160 ppm wt) single crystal pyrope-rich garnet at
temperatures of 873-1473 K (reproduced with permission from Dai and Karato, Phys. Earth planet. Inter.;
published by Elsevier, 2009 [52]).
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(a) The influence of volume percentage on the electrical conductivity of eclogite on the base on our obtained
electrical conductivity results for single crystal pyrope-rich garnet at high temperatures and high pressures
(modified from Dai et al. [53]), (b) the profile between the electrical conductivity of eclogite and depth in
conjunction with previously available electrical conductivity of clinopyroxene results, the average models of rock
and as well as the regionally geothermal gradient is established from the EC of garnet series at high temperatures
and high pressures (reproduced with permission from Dai et al., Contrib. Mineral. Petrol.; published by Springer
Nature, 2012 [53]).

experimental results, some absolutely new models of electrical conductivity of garnet
series as functions of the variation of oxygen fugacity and chemical compositions have
already been constructed, as illustrated in Figure 9(a) in detail. Furthermore, in
conjunction with previously available electrical conductivity of clinopyroxene results,
the average models of rock and as well as the regionally geothermal gradient, the
profile between the electrical conductivity of eclogite and depth is established from the
EC of garnet series at high temperatures and high pressures, as shown in Figure 9(b)
in detail. All of these acquired laboratory-based electrical conductivity profiles can be
widely applied to systematically disclose and deeply explore the cause of the observable
high conductivity anomalies from global and regional field magnetotelluric and geo-
magnetic deep sounding results in those representatively geotectonic units, for exam-
ple, stable mid-lower continental Earth crust, Dabie-Sulu ultrahigh-pressure
metamorphic belt of eastern China, Tibet plateau, and North China craton.

5. Conclusions

High-pressure laboratory-based measurement results on electrical properties of
several dominant minerals (olivine, orthopyroxene, clinopyroxene, garnet, etc.) in the
upper mantle regions are highly sensitive to some influential factors including tem-
perature, pressure, oxygen fugacity, water content, crystallographic orientation, trace
element of titanium content and iron content. The proper determination of EC of
upper-mantle minerals in a broad temperature and pressure range requires the utili-
zation of complex electrical electrochemical impedance spectroscopy measurements.
The iron-related hopping of small polaron and the hydrogen-related defects are pos-
sibly the two dominant conduction mechanisms in anhydrous and hydrous Fe-bearing
silicate minerals within the depth range of the upper mantle. The trace structural
water of mantle minerals plays a crucial role in explaining the high conductivity
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anomaly and the water distribution in the deep mantle. In comprehensive consider-
ations of some newest results from high-pressure laboratory-based conductivity mea-
surements, geophysical field observations, and first-principles theoretical calculations,
high and highly anisotropic EC at the corresponding asthenospheric temperature and
pressure conditions can be used to reasonably explain by the 100 ppm wt% of water
content for the high conductivity anomaly in the asthenospheric region. In addition,
the influence of the interconnected high conductive impurity phases (graphite,
magnetite, chromite, sulfide impurity, etc.) and saline fluids (e.g., Ol-NaCl-H,0,
0l1-KCI-H,0, 0Ol-CaCl,-H,0, etc.) on the EC of olivine also needed to be considered in
a special geotectonic environment. With the development and advancement of mea-
surement techniques and experimental methods, more and more laboratory-based
high-pressure conductivity experimental results will be indispensable to systemati-
cally disclose the cycle discontinuity and high conductivity anomaly in the upper-
mantle region.
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Chapter 3
Mineral Physics

Robert Cooper Liebermann

Abstract

Mineral physics emerged as an independent discipline of Earth sciences in the middle
of the 20th century, drawing together geophysics and mineralogy. Using the principles
of condensed matter physics and solid-state chemistry, it focuses on exploring how
physical properties of minerals depend on atomic structure. With the advent of new
experimental tools (e.g., automated X-ray diffractometers, electron microscopes, vari-
ous spectrometric techniques, digital computers and synchrotron X-radiation sources)
in the past 70 years, geophysicists and mineralogists began to talk with one another.

Keywords: mineral physics, geophysics, mineralogy, high pressure, high temperature,
applications to earth

1. Introduction

In the 1960s, Orson Anderson established a new laboratory at Columbia
University’s Lamont Geological Observatory and chose to name it “Mineral Physics.”
Experiments in his laboratory measured mineral properties over the wide range of
pressures, temperatures and chemical compositions seen in the interior of Earth and
other terrestrial planets. These studies included properties of minerals, but all materi-
als related to natural minerals (e.g., structural analogs, but also glasses, melts and
fluids). According to Robert Hazen [1], “mineral physics is the study of mineralogical
problems through the application of condensed matter physics”. In reality, mineral
physicists use not only physics but also solid-state chemistry. Knowledge of these
properties is essential to interpretations of seismic data accurately and performing
realistic geodynamic simulations. Today, mineral physics is widely considered one of
the three pillars of geophysics, along with geodynamics and seismology.

Today, scientists approach these problems through a combination of experimental
and computational methods. Precise information at lower pressures and temperatures
is provided by experiments, and detailed information at conditions difficult to re-
created in the laboratory is provided by computational work. Bulk material properties
are vital to understanding the behavior of planets, but atomistic inspection of these
complex materials provides a connection to planetary-scale phenomena. Theoretical
mineral physicists are in a unique to position to illuminate this connection [2] (see
also paragraph by Taku Tsuchiya below).

In the past half century since the first scientific conference focused on mineral
physics was held in 1977, mineral physics has matured into an independent scientific
discipline firmly in the mainstream of geosciences. Now mineral physicists are faced
with many challenging problems and many exciting opportunities for research; in large
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measure, this is now possible due to access to synchrotron X-radiation facilities through-
out the world. This evolution is highlighted in this chapter (see also our earlier paper [3]).

2. History prior to the 1950s

Long before seismology became a recognized discipline early in the 20th century,
many scientists and philosophers had speculated on the nature of the interior of
Earth. One of the earliest of these was Athanasius Kircher (1602-1680) whose view of
Earth (Figure 1) was published in 1665 and entitled: Mundus Subterraneus [4].

Over the subsequent three centuries as more detailed information became avail-
able from improved scientific methods, especially in seismology, our view of the inte-
rior of Earth has evolved, but major features have remained unchanged (Figure 2).

Harvard University faculty dominated investigations of the problems related to
mineral physics in the first half of the 20th century. The first was Percy Bridgman whose
investigations of the properties if matter under high pressure earned him the Nobel
Prize in Physics in 1946. Among the graduate students of Bridgman was Francis Birch,
who focused on high-pressure studies relevant to geophysical problems. In his classi-
cal paper in 1952 [5], he demonstrated that the mantle is predominately composed of
silicate minerals and that the upper mantle and lower mantle regions, each essentially
homogeneous but of somewhat differing compositions, are separated by a thin transition
zone associated with silicate phase transitions (see green band at 670 km in Figure 3).
Birch also concluded that the inner and outer core are alloys of crystalline and molten
iron, respectively, which contrasted with the prevailing views at the time. Although a
few refinements have become necessary in light of subsequent research, the essential
details of this model are still valid. For this paper and other contributions, Birch is widely
acknowledged as the “father of mineral physics” (though he never used that term).

Figure 1.
View of earth in 1665 by Athanasius Kircher (1602-1680).
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Figure 2.
Views of the interior of the earth from 1665 to 1990. Courtesy of Ed Garnero.

Figure 3.
Internal structure and composition of the Earth’s interior.
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3. Post 1950s developments

Over the last four decades of the 20th century, many laboratories in the United States,
Japan, Australia and France began to conduct experiments on the physical properties of
minerals at high pressures and temperatures. These laboratories focused their research
on understanding the role of fundamental properties of minerals and thus provided
links to other disciplines of the geosciences such as seismology, tectonophysics, volca-
nology, geochemistry and petrology. These links are graphically illustrated by Figure 4.

F Inetar_y Scien'

Chemistry/Physics
Phase Equilibria, \_ of Interiors, Impact Elastic and
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Figure 4.
Williams-Lattimore diagram veflecting the velationship of mineral physics to other disciplines of geosciences
(copyright R. C. Liebermann).

4, Inventions of DACs and MAA

In the past 50+ years, two major static high-pressure techniques have been devel-
oped in mineral physics laboratories by earth scientists desiring to replicate in the
laboratory the P-T conditions of Earth’s deep interior: the diamond-anvil cell (DAC)
and the multi-anvil apparatus (MAA). These two static technique are both useful and
very complementary, although have occasionally been viewed as competitive. Higher
pressures and large sample volumes can be achieved either through the use of larger
tonnage hydraulic rams in MAAs or by increasing the culet size of DACs, and thus
experimental conditions of the two techniques will eventually merge.
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Figure 5.

a. Geotherm with P-T ranges compared with the P-T regions achievable with diamond anvil cells (and various

types of heating) and with LVP (large-volume presses, aka multi-anvil apparatus). b. Temperature and pressures
achievable in difference types of large-volume apparatus.
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The diamond-anvil cell (DAC) was invented at the National Bureau of Standards
[NBS] under the direction of Alvin Van Valkenburg and his colleagues in 1958.

For the subsequent developments of the DAC, see the excellent review by William
Bassett [6]. In the same time period, Tracy Hall invented the first multi-anvil appa-
ratus, a tetrahedral-anvil machine; such MAA have evolved progressively [7] and
can now achieve pressures close to 100 GPa at high temperatures. With the advent
of synchrotron radiation facilities in the early 1980s, many of these DAC and MAA
devices have been utilized in conjunction with in situ X-ray diffraction.

In Figure 5a and b, we illustrate the pressure and temperature ranges achievable
with the diamond anvil cells and multi-anvil apparatus and compare those with the
P-T ranges of the geotherm of the Earth.

In Figure 6, the regions of the Earth’s interior (Crust, Upper mantle, Lower
mantle, Outer core and Inner core) accessible to difference types of high-pressure
apparatus: Belt, Split-Sphere, DIA and DAC are illustrated.

With the aid of high-pressure devices such as diamond anvil cells and multi-anvil
apparatus, scientists have been able to explore the crystallographic transformations
which the principal minerals of the upper mantle undergo as they are buried deeper
in the Earth’s interior. Thus, olivine, garnet, clinopyroxene and orthopyroxene of the
upper mantle evolve to mixtures of (Mg, Fe) O-ferropericlase and Ca- and (Mg, Fe,
Al)-SiOs-perovskites [the latter recently named bridgmanite] in the lower mantle. In
the vicinity of the outer core, the bridgmanite transforms to a post-perovskite phase
which has not yet been found in nature (see Figure 7a, courtesy of Stas Sinogeikin and
Figure 7b, courtesy of Nick Schmerr and Ed Garnero).

In addition to experiments using static multi-anvil apparatus or diamond anvil
cells, many scientists have utilized dynamic shock wave techniques to measure the
physical properties of minerals at high pressures and temperatures. In Figure 8, the
shock wave gun at Caltech is shown; it was originally built by Thomas Ahrens and is
now under the supervision of Paul Asimow.

High Pressure Instrumentation

lower mantle

split sphere

upper mantle

DLA transition zone  diamond anvil

n-situ x-ray Fa-sEfn x-rey

Figure 6.
Regions of the Earth’s intevior accessible to diffevent types of high-pressure apparatus: Belt, Split-sphere,
DIA and DAC.
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Figure7.
a. Evolution of minerals in the earth from the upper mantle to the core. Courtesy of Stas Sinogeikin. b. Upper
mantle seismic discontinuities: Mineral phase boundaries. Courtesy of Nick Schmerr and Ed Garnero.

In a paper now in press entitled “New analysis of shock-compression data for
selected silicates”, Thomas Duffy has illustrated one of the important uses of shock
wave experiments:

“The study of minerals under shock compression provides fundamental con-
straints on their response to conditions of extreme pressure, temperature, and strain
rate and has applications to understanding meteorite impacts and the deep Earth. The
recent development of facilities for real-time i situ X-ray diffraction studies under
gun- or laser-based dynamic compression provides new capability for understanding
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High-pressure experiments are extremely difficult*®

-

s l;_,

Multianvil press Diamond anvil cell Shock-wave gun
(MPI, Stony Brook) (Caltech)

*Quote from Artem Oganov: so he resorts to computer!

Figure 8.
Static (multi-anvil press and diamond anvil cell) high-pressure devices illustrated with the dynamic shock-wave
gun at Caltech.

the atomic-level structure of shocked solids. Here traditional shock pressure-density
data for selected silicate minerals (garnets, tourmaline, nepheline, topaz, and
spodumene) are examined through comparison of their Hugoniots with recent static
compression and theoretical studies. The results provide insights into the stability of
silicate structures and the possible nature of high-pressure phases under shock load-
ing. This type of examination highlights the potential for ix situ atomic-level measure-
ments to address questions about phase transitions, transition kinetics, and structures
formed under shock-compression for silicate minerals.”

Experiments are not the only solution to finding progress. In the figure above is a
quote by Artem Oganov:

“High-pressure experiments are extremely difficult”

Thus, he resorts to the computer for theoretical calculations.

“Recent progress in theoretical mineral physics based on the ab initio quantum
mechanical computation method has been dramatic in conjunction with the rapid
advancement of computer technologies. This technique solves electronic structures
and chemical bonding natures of materials highly accurately and became practical
after the beginning of this century. It is now possible to predict thermodynamic
stability, elasticity, and transport properties of complex minerals quantitatively with
uncertainties that are comparable or even smaller than those attached in experimental
data under high pressure and high temperature. These calculations under iz situ
high-pressure (P) and high-temperature (T) condition allow us to construct a priori
mineralogical models of the deep Earth and have opened a new generation in solid
geophysics and geochemistry”. (Taku Tsuchiya, personal communication, 2021).

5. Experimental physical acoustics and elasticity of minerals

Experimental physical acoustics has been used to study the elastic properties of
minerals. These high-precision techniques provide measurements of the velocity
of sound in single crystals or polycrystalline aggregates (i.e., rocks) as functions of
pressure and temperature.
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There are several goals of such research in geophysics:

a.To study the relationship of the elastic properties to crystallographic structure and
composition.

b.To provide the input parameters for theoretical equations of state of solids to enable
these ultrasonic data to be extrapolated to higher pressures and temperatures, and

c.To deduce the composition and mineralogy of the Earth’s interior from a com-
parison of the laboratory data with the velocity-depth profiles in the Earth derived
from seismology.

Our recent paper [8] summarizes the current state-of-the-art in studies of the

Earth’s interior using measurements of sound velocities in minerals by ultrasonic
interferometry. In that paper, we reviewed the progress of the technology of ultrasonic

Velocity (PREM, AK135) and Minerals Phases in Pyrolitic Mantle
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Figure 9.

Comparison of seismic models (PREM-dashed lines and AK135-solid lines) with possible mineral phase
transitions in the minerals of the upper mantle (see also Figures 3 and 7a, b).
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Laboratory acoustics Circa 1994
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Figure 10.
The progress in the pressures and temperatures achievable in these investigations using laboratory acoustics from
1994 to 2014 is veflected in these three figures.

interferometry from the early 1950s to the present day. During this period of more
than 60 years, sound wave velocity measurements have been increased from pressures
less than 1 GPa and temperatures less than 800 K to conditions above 25 GPa and
temperatures of 1800 K. This is complimentary to other direct methods to measure
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sound velocities (such as Brillouin spectroscopy and impulsive stimulated scattering)
as well as indirect methods (e.g., resonance ultra- sound spectroscopy, static or shock
compression, inelastic X-ray scattering). Newly-developed pressure calibration
methods by Wang et al. [9] and data analysis procedures using a finite strain approach
are described and applied to data for the major mantle minerals. These state-of-the-
art ultrasonic experiments performed in conjunction with synchrotron X-radiation
provide simultaneous measurements of the elastic bulk and shear moduli and their
pressure and temperature derivatives with direct determination of pressure.

These sound velocity data are important in enabling scientists to interpret seis-
mic data for the Earth’s interior. Two of the most popular global seismic models are
PREM and AK135 [10, 11] are plotted in Figure 9; these models include some distinct
features including a low velocity zone around 80 km-150 km, jumps at 410- and
670-km depths, and high velocity gradients in the transition zone. In addition,
regional seismic studies also revealed discontinuities at 520 km as well as at depths
of 250 km-340 km (X discontinuity). Also plotted are phase transitions as possible
causes of these velocity anomalies in a pyrolytic mantle compositional model (See
Figure 9 and Figures 3 and 7a and b above).

The progress in the pressures and temperatures achievable in these investigations
using laboratory acoustics from 1994 to 2014 is reflected in the following figures
(Figure 10); copyright R. C. Liebermann.

6. Current status of mineral physics research

In early 2019, I wrote a paper entitled “The Orson Anderson Era of Mineral Physics
at Lamont in the 1960s”, and began to explore options for its publication. When the
Assistant Editor for Minerals, Ms. Jingjing Yang, agreed to consider my paper, she
also inquired as to whether I would like to the be the Guest Editor for a Special Issue
in honor of Orson Anderson. After asking prospective authors about the viability of
such a Special Issue, I accepted her invitation, with the hope and expectation that it
would be a wonderful present for his 95th birthday. This Special Issue is the result
[12]. It contains original scientific papers, as well as historical reviews of the field of
mineral physics (and also rock physics).

The papers in this Special Issue are grouped into four categories: Reviews,
Experimental Science, Theoretical Science and Technological Developments. These
papers include those from; first authors covering five generations of mineral physi-
cists, including contemporaries of Orson, the next generation of leaders in mineral
physics throughout the world, current leaders in the field, senior graduate students,
and an undergraduate student (i.e., Tyler Perez). Note that Tyler, a student of
Jennifer Jackson at Caltech, is an academic great-great grandson of Orson Anderson
(Anderson > Liebermann > Bass > J. Jackson > Perez).

Examples of papers in all four categories of the Special Issue [12]:

7. Review
William A. Bassett.

The Takahashi-Bassett Era of Mineral Physics at Rochester in the 1960s. Reprinted
from: Minerals 2020, 10, 344, doi:10.3390/min10040344
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8. Experimental science

Agnés Dewaele.

Equations of State of Simple Solids (Including Pb, NaCl and LiF) Compressed
in Helium or Neon in the Mbar Range, Reprinted from: Minerals 2019, 9, 684,
doi:10.3390/min9110684

Tyler Perez, Gregory J. Finkelstein, Olivia Pardo, Natalia V. Solomatova and
Jennifer M. Jackson.

A Synchrotron Méssbauer Spectroscopy Study of a Hydrated Iron-Sulfate at High
Pressures Reprinted from: Minerals 2020, 10, 146, d0i:10.3390/min10020146

Francesca Miozzi, Jan Matas, Nicolas Guignot, James Badro, Julien Siebert and
Guillaume Fiquet.

A New Reference for the Thermal Equation of State of Iron, Reprinted from:
Minerals 2020, 10, 100, d0i:10.3390/min10020100

9. Theoretical science

J. Michael Brown and Baptiste Journaux.

Local-Basis-Function Equation of State for Ice VII-X to 450 GPa at 300 K,
Reprinted from: Minerals 2020, 10, 92, doi:10.3390/min10020092

Jun Tsuchiya, Risa Nishida and Taku Tsuchiya.

First Principles Calculation of the Stability of Iron Bearing Carbonates at High
Pressure Conditions, Reprinted from: Minerals 2020, 10, 54, d0i:10.3390/min10010054

10. Technological developments

Tony Yu, Clemens Prescher, Young Jay Ryu, Feng Shi, Eran Greenberg, Vitali
Prakapenka, Peter Eng, Joanne Stubbs, Yoshio Kono, Guoyin Shen, Heather Watson,
Mark L. Rivers, Stephen R. Sutton and Yanbin Wang.

A Paris-Edinburgh Cell for High-Pressure and High-Temperature Structure Studies
on Silicate Liquids Using Monochromatic Synchrotron Radiation, Reprinted from:
Minerals 2019, 9, 715, d0i:10.3390/min911071

Acknowledgements

I am grateful to William Bassett, Thomas Duffy and Taku Tsuchiya for their con-
tributions to the sections on diamond anvil cells, shock waves and theoretical mineral
physics, respectively. I appreciate the courtesy of many colleagues in providing figures
to illustrate this paper: Ed Garnero, Quentin Williams, Guoyin Shen, Shun Karato, Nick
Schmerr and Stas Sinogeikin; all colleagues have granted explicit permission to use their
figures in this chapter, none of which have been published. Portions of this chapter have
been adapted and modified from the author’s previous publications [3, 7, 8].

Conflict of interest

The author declares no conflict of interest.

50



Mineval Physics
DOI: http://dx.doi.org/10.5772/intechopen.102326

Author details

Robert Cooper Liebermann

Department of Geosciences and Mineral Physics Institute, Stony Brook University,
Stony Brook, NY, USA

*Address all correspondence to: robert.liebermann@stonybrook.edu

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

51



Mineralogy

References

[1] Hazen RM. What is mineral physics?
EOS. Transactions of the American
Geophysical Union. 1984;65:746

[2] Wentzcovitch R, Stixrude L.
Theoretical and computational methods
in mineral physics: Geophysical
applications, Reviews in Mineralogy
and Geochemistry. Chantilly, Virginia:
Mineralogical Society of America; 2010.
Ser, 71, xvii + 484 pp

[3] Liebermann RC, Prewitt CT. From
Airlie House in 1977 to Lake Morey in
2007: 30 Years of evolution of mineral
physics. Phys. Earth Planet. Interiors.
2014;228:36-45

[4] Kircher A. Mundus subterraneus, quo
universae denique naturae divitiae; 1665

[5] Birch F. Elasticity and constitution
of the Earth’s interior. Journal of
Geophysical Research. 1952;57:227-286

[6] Bassett WA. Diamond anvil cell,
50" birthday. High Pressure Research.
2009;29:165-186

[7] Liebermann RC. Multi-anvil, high-
pressure apparatus: A half century of
development and progress. High Pressure

Research. 2011;31:493-532

[8] Li B, Liebermann RC. Study of the
Earth's interior using measurements of
sound velocities in minerals by ultrasonic
interferometry. Physics of Earth and
Planetary Interiors. 2014;233:135-153

[9] Wang X, Chen T, Qi X, Zou,

Kung J, YuT, etal. Acoustic travel time
gauges for in-situ determination of
pressure and temperature in multi-anvil
apparatus. Journal of Applied Physics.
2015;118. 065901, 9 pp

52

[10] Dziewonski AM, Anderson DL.
Preliminary reference Earth model.
Physics of the Earth and Planetary
Interiors. 1981;25:297-356

[11] Kennett BLN, Engdahl ER, Buland R.
Constraints on seismic velocities in the
Earth from traveltimes. Geophysical
Journal International. 1995;122:108-124

[12] Liebermann RC. [Guest Editor],
Mineral Physics—In Memory of Orson
Anderson, Book version of Special Issue
of MINERALS. Switzerland: MDPI,
Basel; 2020. pp. 628



Chapter 4

Testing and Validating Instruments
for Feedstocks of Mineral
Carbonation

Muhammad Imran Rashid

Abstract

Different feedstocks Dunite, Olivine and Lizardite are examined in this research
using various measuring techniques such as TGA-MS, XRD and Quantitative XRD and
EDS. Quantitative XRD results matched with TGA-MS results. Malvern Mastersizer,
EDS and QXRD results also showed a good match regarding the individuality of
results which are shown graphically. TGA-MS calibration curves example is provided.
Matching the results of different measuring techniques is a key to fundamental
research. Comparison of the reactivity of dunite, soaked dunite, heat-activated dunite
and lizardite and raw dunite soaked has been performed. TGA-MS and QXRD results
match each other. Malvern Mastersizer, EDS and QXRD results match with their
individual results indicating the instrument’s reliability. Semi-Quantitative XRD
results authenticity is EXCELLENT. TGA-MS results match with QXRD is excellent.
Mineral carbonation converts CO, into stable mineral carbonates. This research
explores the utilisation of serpentinised dunite (which is comprised of 61% lizardite)
as a potential feedstock for mineral carbonation. Heat activation, ex-situ regrinding
and concurrent grinding techniques were employed to enhance the reaction rate and
yield, and to provide information on the carbonation reaction mechanism. Silica-rich
layers that appeared during reference experiments were disrupted using concurrent
grinding and significantly higher magnesite yields and Mg extractions were obtained.

Keywords: CCS (carbon capture and storage), CCSU (carbon capture, storage and
utilisation), mineral carbonation (MC), carbon capture (CC), materials science

1. Introduction

Greenhouse gases especially CO, concentration in the atmosphere has increased to
a level of 419 ppm compared to a value of 280 ppm from the preindustrial revolution
(1975) [1]. Reduction in greenhouse gases is a need of time. Significant research has
been published regarding mineral carbonation [2-15], geological carbon dioxide stor-
age, oceanic storage [3], carbon dioxide conversion into chemicals, carbon dioxide
fixation in polymers and carbon dioxide conversion into Urea [16, 17]. Mineral car-
bonation is one of the forefront technologies recently proposed. Although various
publications have been done in this field [2], the basic need of time is to foresee how

53 IntechOpen



Mineralogy

the research efforts need to be oriented or centred on that technology [3, 4, 9-11, 13,
14, 18-20]. This article will indicate some directions for the utilisation of different
feedstocks for CO, utilisation and fixation. Geological storage poses a threat to nearby
occupants as there were thousands of killings in the Crater Lake incident. ALOHA
software can be used for the estimation of such leakages if CO, is to be stored in
geological formations. CO, can cause asphyxiation; hence, safety measures are at most
necessity. ALOHA can estimate CO, vapours travelling distances and how far this gas
can travel and how much concentration will be at a specified point. Oceanic storage
pose threat to aquatic life and is expected to disrupt the ecosystem seriously. Increased
concentration of CO, in oceans [21] will reduce the pH of the oceanic water, rivers or
canals making them undrinkable. Seawater is used in various industries. Reduced pH
will cause serious corrosion issues and may result in materials damage and or stress
corrosion cracking.

Greenhouse gases are uncontrollable. Each greenhouse gas concentration increases
day by day. CO, is recently converted to jet fuel using sunlight by Adele Peters from
Fast Company [22]. Researches are not giving up. However, the Antarctic lake has
disappeared in just 3 days [23]. More efforts need to be initiated. Extremism in climate
shattering weather patterns is expected right now [23]. Europe has seen extreme
flooding in 2021. Pakistan has seen extreme summers like what the Middle East has
seen shooting of temperatures. Catalysts have been discovered to convert CO, into
fuel [24]. A single reason why CO; is not controlled is that industries emit more than
capture. Adam Vughan has indicated that atmosphere warming could not have been
kept below 1.5°C [25]. Alas, more seriousness is required. No negative emissions
drama. The cement industry is also one of the largest CO, emitting industries. Novel
modifications are proposed to overcome this threat [26]. Coal-burning emissions and
their environmental effects are also highlighted [27].

2. Analytical instruments

Dunite, different varieties of olivine and lizardite are used in this research. Proper
functioning of analytical instruments is a fundamental to perform the highest level of
research. Fundamental instruments operation and working is described here.

2.1 TGA-MS analysis

Thermogravimetric analysis (TGA) measures the change in mass over time as the
sample is heated. These measurements provide compositions of different feeds or
carbonated products. TGA is suitable to characterise different materials that display
mass loss or gain due to thermal decomposition and thus enable an estimate of
magnesite yields of the carbonated products to be obtained. Feed materials or car-
bonated products were heated in TGA (Figure 1) from 25 to 1000°C and mass losses
due to decomposition of different phases present are identified. To identify the
evolving gases generated during heating, the TGA-DSC (Setsys Evolution 1200) was
coupled with a mass spectrometer (Thermostar Quadrupole). The initial loss of mass
observed between 25 and 280°C corresponds to physically bound moisture present in
the sample, while the second mass loss from 280 to 430°C corresponds to brucite
decomposition, while the third major mass loss in the range of 430-830°C corresponds
to lizardite decomposition (Figure 2).
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Figure 1.
Photo of TGA-MS set up. A, autosampler and small sample crucibles; B, TGA furnace where the sample is being

heated; C, mass spectrometer connected with TGA furnace to veceive evolved gases from TGA; D, computer for
data output; E, argon cylinder for argon gas flow; F, chiller to cool down TGA furnace.
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Figure 2.
Typical TGA-MS curve. The first significant loss of mass is due to moisture present in the sample. The second mass
loss is due to brucite decomposition. The third mass loss is due to lizardite decomposition. All major changes in mass

are due to the elimination of H,O vapour from the sample.

Lizardite decomposes over the same temperature range (300-600°C) as the mag-
nesite [6] and this can introduce a systematic error in magnesite yield estimation
(leading to an over-estimation of the magnesite yield) unless the mass loss in this
period can be quantitatively attributed to loss of H,O or CO, from the sample. To
distinguish between these species, the ion current from the m/z = 44 ion (CO,") from
mass spectrometer was calibrated using sodium bicarbonate samples and a calibration
curve for CO, concentration was obtained, which is used to quantify CO, mass loss
(distinguishing CO, production from the loss of water vapour, which occurs simulta-
neously) and thus render more accurate estimation of the magnesite yield. CO, peak
areas were calculated using the mass spectrometer data and CO, mass response is
estimated based on the reaction (2NaHCO3; = Na,CO; + CO, + H,0). The relation-
ship between peak areas and CO, mass loss was linear.

For carbonated samples, the CO, peak areas were estimated using MS data and
then these peak areas are used to determine CO, mass loss applying the CO,
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Step Reaction [29] Theoretical mass loss (%) Measured mass loss (%)

1 CaC,0,4°H,0 — CaC,0, + H,0 (189°C) 12.3 12.6 + 0.66

2 CaC,0,4 — CaCO03 + CO (502°C) 19.2 19.9 + 0.98

3 CaCO3 — CaO + CO, (763°C) 30.1 31.24+0.53
Table 1.

TGA calibration data for three runs.

calibration curve. This CO, mass loss was used in an equation to calculate magnesite
yield. The equation is based on the Gadikota formula [28].

Three TGA runs (Table 1) were completed with calcium oxalate hydrate (99%
pure) to calibrate the TGA response. Theoretical and measured mass loss shows good
agreement (Table 1).

3. XRD analysis and QXRD (semi-quantitative XRD)

XRD analysis is useful in the determination of crystalline phases that exists in a
powdered sample [30]. Each phase has a specific, identifiable x-ray diffraction pat-
tern, which is used to determine different phases present in the sample. X-rays are
generated from the emission of high energy electrons from hot tungsten elements,
which are bombarded on a copper metal target. This bombardment causes an electron
emission from target atoms, thus generating an electron vacancy which is filled by an
electron from higher energy orbitals and this transition generates x-rays. Filtration of
these x-rays is performed to get monochromatic radiation which is bombarded on the
sample being analysed. Bragg’s equation is the main law used in XRD diffraction
pattern analysis [31].

n\ = 2dsin® (1)

M = wavelength of x-rays, 7 = integer, d = plane spacing, © = Bragg’s diffraction
angle.

To derive Bragg’s law, consider two x-rays (A and D) impinging on the atom B and
E of a crystal and the angle of incident and angle of reflectance are equal as shown in
Figure 3. Incident waves A and D are in phase with each other although wave D has to
travel an extra distance of GE + EH to remain in the same phase as wave A. This extra

A C
Source of radiation
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\ 9/ \B ¢ /
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Figure 3.

Schematic of X-ray diffraction (left), Bragg—Brentano geometry (right).
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distance must have been an integral (z) multiple of wavelength (A). The length GE
and EH are equal and GE equals to d sinn©. Bragg-Brentano design is the most
commonly used instrument geometry for high-resolution powder diffraction. The
incident beam through a number of slits diverges towards the sample, the diffracted
signal from the sample again converges through a number of slits towards the
detector. A ©/20 rotation is employed to keep incident and diffracted wave paths in
symmetry. During sample scanning, the sample rotates by © while the detector is
rotated by 26 with each step [32].

In practice, finely ground feed materials and carbonated samples (up to 100 pm
size particles) were put in the instrument holder for analysis. Samples were finely
grounded in order to avoid intensity fluctuations and preferred orientation. XRD
analyses were performed using Philips X’Pert Pro multipurpose diffractometer with
Cu radiation and 20 from 5 to 90° or 11 to 31° depending upon the sample being
analysed. Collection time used was 1 s with a step size of 0.02°. The patterns from
XRD were matched with the International Centre for Diffraction Data ® (ICCD)
using X’Pert Highscore® in order to identify crystalline phases. A typical x-ray dif-
fraction pattern for feed dunite is shown in Figure 4. Phases identified are lizardite,
olivine, brucite and magnetite.

If the reference intensity ratio (RIR) of an analytical phase i (such as silicon) is known,
then its concentration can be calculated by doping the original sample with the analytical
phase. This can be done by the addition of a known amount of standard (silicon) of which
the RIR is known. For semiquantitative method details please see below.

After obtaining the diffraction pattern of the doped sample, the concentration C; in
the original sample is calculated as follows:

L; RIRx
6=t (1) % (jm) @

C; = concentration of given phase i in the original sample
Axe = known amount of standard (silicon) added to the original sample
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Figure 4.

Typical x-ray diffraction pattern for dunite. L, Lizardite; O, olivine; B, Brucite; M, magnetite.
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Position (20) Intensity Formulas used
X y Y Area
11.83 15,480 15,480 2.96

(Slope) M = 222)

11.84 15,924 15,468 11.0 (Intercept) C =y- M x X,
(Derivative) Y =M x X; + C

11.85 16,699 15,456 17.7
Area_ (0 V)20, Y2)) <o)
11.87 16,940 15,445 23.0 2
Ci= A x (J) x (M) 3)
11.88 17,482 15,433 30.6 . :
11.89 18,093 15,422 38.1
Table 2.

Semiquantitative XRD analysis.

I;, I, = intensities (peak areas) of phases i and x in the doped sample
RIR;, RIR, = reference intensity ratio values of i and x respectively
The procedure is described below in detail (for calculation detail see Table 2)

1.Add known amount of silicon (usually 20 wt/wt%) in the sample and scan it with
XRD

2.1dentify phases present in a given XRD pattern

3.Determine the area under the main peak of each phase. The peak should not
overlap other peaks. To calculate the area under the main peak, first, calculate
slope (M) and then intercept (C). Then calculate derivative (Y’) and use the
given formula to calculate the area under the peak (please refer to Table 2). Use
these peak areas in Eq. (2).

4.The RIR value is found from the Highscore® database
5.The concentration C; of each phase is estimated using Eq. (2)
3.1 ICP-OES (inductively coupled plasma: Optical emission spectrometry)

The elemental composition of solid and liquid samples can be determined using
ICP-OES. ICP-OES consists of two major components; the torch and optical spec-
trometer. The torch comprises quartz tubes [33]. To produce plasma, argon gas is
normally used, which passes through the tubes around the induction coil. The argon
gas is “ignited” by the Telsa unit and the ionisation process (plasma formation) is
initiated. The ionisation of argon gas occurs at this stage. A plasma having approxi-
mately 7000 K temperature is generated because of collisions between neutral argon
atoms and charged particles [34]. Using a peristaltic pump, an aqueous sample is
continuously supplied to the nebuliser where it changes to mist and moves to the
plasma envelope. The introduced sample interacts with electrons and ions in the
plasma and is converted into charged ions. This causes the decomposition of different
molecules into respective atoms that lose electrons to induce the emission of radiation
of distinctive wavelengths of elements present inside the sample. The optical spec-
trometer separates these wavelengths into component wavelengths. Intensities are
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Figure 5.

Photo of the ICP-OES set-up and microwave digestion system. A, autosampler with standards and sample tube
holders; B, plasma chamber; C, gases exhaust; D, computer for analysis output; E, argon gas cylinders; F, chiller;
G, microwave digestion system.

compared with the intensities of standard solutions of known element compositions
and elements concentrations are computed based on the calibration curves. ICP-OES
set-up and microwave digestion system is shown in Figure 5.

Solid samples used in the present investigation were first digested in acidic solu-
tion. Dunite sample (0.1 g) was digested in a microwave oven (Figure 5) using a
mixture of 4.5 mL HNOj3 (65%), 4.5 mL HCI (37%) and 3 mL HBF4 (tetrafluoroboric
acid, 50%). Thulium (50 pL) was added as a tracking element. The volume of this
mixture was increased to 20 mL by the addition of 2% nitric acid prior to its digestion
in the microwave. Digestion was not required for supernatant solution samples and
they are diluted using 2% nitric acid to the required level (50%/100% dilution) prior
to their analysis by ICP-OES (Varian, Australia). The typical curve for ICP-OES is
shown in Figure 6. Mg concentration drop with the passage of time due to magnesite
precipitation. Si concentration increases during the first hour but then it stays con-
stant, which is due to simultaneous silicon leaching from dunite and its precipitation
in the form of silica.

700
)
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g —— Mg
‘é —=— Si
B
=
8
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3 4 5 6

Time (h)

Figure 6.

Typical curve for ICP-OES. The graph represents Mg and Si concentrations variation with time for supernatant
solution of sub 75 um heat-activated dunite carbonated sample. Carbonation reaction was performed with 15%
solids slurry at 185°C, 130 bar pressure and using 0.64 M NaHCO;.

59



Mineralogy

3.1.1 Scanning Electron microscope (SEM)/energy dispersive scattering (EDS)

Morphology, surface topography and elemental compositions of feed materials and
carbonated products were determined using SEM (Zeiss Sigma VP FESEM) and EDS
(Bruker). SEM scans a fine electron beam over the material being analysed and uses
different detectors to reconstruct the image from signals produced from the sample
[35]. SEM consists of different parts, e.g., microscope column which also includes
electron gun and electron beam travels in this column; the computer that drives the
microscope; ancillary equipment which analyses the composition. SEM can magnify
objects from 10 times to 300,000 times. Scanning from an electron microscope can be
compared with a person having a torch and looking for objects on the wall. As a person
builds an image in his/her memory, SEM works in the same way and uses a fine
electron beam instead of the torch to build an image.

EDS is a technique that provides information about the chemical composition of
the sample. For EDS, an electron beam is focussed on the sample during SEM analysis
and these electrons interact with the atoms. X-rays are produced from these interac-
tions and an energy dispersive detector detects these x-rays and displays a signal in the
form of spectrum, histogram or intensity versus x-ray energy. This makes it possible
to identify elements present in the sample.

Sample preparation is important for SEM. Samples are gold (imaging) or carbon
(EDS) coated prior to their analysis. Gold coating provides a thin layer to the samples
and samples were coated four times at a 90° angle and fifth time from the top. A typical
SEM micrograph and EDS spectrum of dunite feed sample are shown in Figure 7. SEM
shows an image of the dunite feed and the EDS spectrum indicates intensities of the
elements present in the sample. Polished resin blocks were used to study the silica-rich
layers. Polished resin blocks were prepared using feed material, carbonated products
and resin. Photo of polished resin blocks and sample holders is shown in Figure 8. The
polished resin block samples preparation procedure is given in appendix 3D.

3.1.2 Transmission Electron microscope (TEM)

TEM is useful to study the structure, properties and compositions of different
mineral powders, especially in the submicron range. Mineral particles should have

3.0
2.5
2.0 si
15
1.0

0.5 Fe

0.0 114Fe L

0 2 4 6 7

KeV
(@) (b)

Figure 7.

SEM micrograph and EDS spectrum of dunite feed. (a) Dunite feed SEM micrograph, 10 um is a resolution of the
SEM (b) EDS spectrum of dunite feed, intensities of different elements are shown, Mg, magnesium; Si, silicon; O,
oxygen; Fe, iron.
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Figure 8.
Photo of the sample holders (left) and polished resin blocks (right).

been in 50-100 nanometres size to be properly analysed by TEM. Electrons transmis-
sion through the mineral particles enables detailed analysis of the particle features
especially its crystal structure, orientation and chemical composition. In the present
study, TEM was used to identify shell (silica-rich layers) and core part of the reacted
mineral particles and study the corresponding elemental compositions and structure.
To prepare samples for TEM (JEOL 2100 TEM) analysis, 10 mg of sample powder
was added to the pestle and mortar. Ethanol (4 ml) was mixed with the sample
powder and contents were ground for 3 min. Ground sample was moved into a 5 ml
plastic vile and sonicated for 20 min. Using pipette 1-2 drops were dropped on the
TEM grid (200 mesh Cu, ProSciTech) and air-dried overnight prior to TEM analysis.

3.1.3 Fourier-transform infraved (FTIR) spectroscopy

FTIR is useful to acquire an infrared spectrum of a solid sample either feed or
product. In FTIR spectroscopy, most molecules absorb light in the infra-red region of the
electromagnetic spectrum and this absorption corresponds to the specific bonds present
in the molecule. Measurement usually is in wave numbers typically over the range
4000-400 cm ™. When the sample being analysed is exposed to radiation, some portion
of the radiation is absorbed while other is transmitted. The block diagram of the FTIR
spectrometer is shown in Figure 9. Dunite and carbonated products were analysed by
FTIR (Bruker, Tensor 37 Spectrometer). Samples for FTIR spectroscopy were prepared
using 99% KBr and 1% sample. Samples were thoroughly mixed and ground before
making pellets. These pellets were placed in an oven under a vacuum at 150°C for
24 hours before analysis. Typical FTIR spectra of raw dunite are provided in Figure 10.

3.1.4 Malvern Mastersizer

Particle size distribution (PSD) of feed materials and carbonated products were
determined using a particle size analyser (Mastersizer 2000, Malvern Instruments)
(Figure 11). For particle size measurement, it is important how particles scatter and
absorb light. Initially, the Fraunhofer model [36] was used to predict scattering
patterns when a solid disc of particles is passed through the laser beam. This
model failed to describe exact scattering as very few particles are disc-shaped. Mie
theory is currently used which is able to predict the light scattering behaviour of all
materials. Each size of particle has a specific scattering pattern. The particle size
analyser uses the above-mentioned theories and works backwards to calculate particle
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Figure 9.
Block diagram of FTIR spectrometer.
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Figure 10.

Typical FTIR spectra of raw dunite, stretch present around 3690 cm™" are due to presence of surface-bound OH
moieties, the vibration at 1073 cm ™" due to out of plane vibration of Si-O, adsorption band at 970 cm™* are in-
plane Si-O stretching vibration, the feature at 629 cm™" are due to deformation of hydroxyl groups, stretches at
564 cm™ " are Mg-O out of plane vibration, stretches at 450 cm™ " are Si-O-Si bond bending vibration (veference
[9] and references therein).

size from the captured scattering pattern. Basic laser diffraction system is shown in
Figure 12.

Three procedures are used for any particle size measurement. First, a sample is
prepared and dispersed in a dispersion unit in proper concentration followed by its
delivery to the optical bench. Second, a scattering pattern is captured from this sample
which is also called “measurement” and is done by the optical bench. Third, raw data
from measurement is analysed by instrument software to provide the PSD. Finely
ground samples (<20 pm) were preferably analysed in wet solution form. These
samples tend to agglomerate during drying even if dried under vacuum and at low

62



Testing and Validating Instruments for Feedstocks of Mineral Carbonation
DOI: http://dx.doi.org/10.5772 /intechopen.101175

Figure 11.

Photo of Malvern mastersizer 2000. A: Sample dispersion unit and pump impeller, B: Sample cell where dispersed
sample is moving and laser light pass through it, C: Laser source and laser ON indicator, D: Pump speed
adjustment and ultrasound operation system, E: Computer to show output.

Wide angle detection system

Obscuration
— oeeees
Laser light i Focal plane
source Fourier ~ Sample detecptor
lens cell
Figure 12.

Basic laser diffraction system of Mastersizer 2000.

temperatures (70°C). For these samples and heat-activated samples, a built-in ultra-
sonic system in the Malvern mastersizer was used to break any agglomerates present.
A typical PSD from the Malvern mastersizer is shown in Figure 13. Size classes are
represented on the x-axis in pm and the volume density of particles is represented in
percentage on the y-axis. The percentiles, d;o, dsg and dgg are shown in Table 3. D;q
means that 10% volume of particles is smaller than this size (27 pm), dso means that
50% volume of particles is smaller than this size (42 pm) and dgo means that 90%
volume of particles is smaller than this size (64 pm).

4, Results and discussion

Olivine (Netherland) and Olivine (Norway) characterisation using Quantitative
XRD (X-Ray Diffraction) analysis is discussed. The supplier of these samples has
promised to supply olivine; however, these appear as a mixture of olivine and a few
other minerals. These samples may be rocks but still, Olivine (Norway) is probably
like olivine as it has higher olivine content. This olivine content (62%) almost
match lizardite content (61-62%) of the dunite [18] used primarily in my research.
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Figure 13.

PSD for 20—45 pm dunite (left), PSD for 20—45 pm olivine (right).

dyo (pm) dso (pm) dyo (pm)
20-45 pm dunite 27 42 64
20-45 pm olivine 26 45 76

Table 3.
PSD for 20-45 pm dunite and 20—45 um olivine.

Component Olivine (Norway) % Olivine (Netherland) %
Olivine 62.01 8.40
Clinochlore 11.58 7.10
Lizardite 5.43 53.01
Orthopyroxene 9.993 Tremolite 21.73
Phlogophite+Annite 1.307 Dolomite + Pyroxene (8.15)
Halite 0.884 Magnesioferrite (1.15)
Chabazite-Ca 4.543 —
Cordierite 4.243 —
Total 100 100

Table 4.

Olivine (Norway) and olivine (Netherland) QXRD analysis.

Powders samples were prepared for QXRD analysis of olivine (Netherland) and
olivine (Norway). Table 4 shows the analysis. Please refer to earlier publications

[2, 10, 13, 14, 18, 19] for detailed description of methods. TGA-MS curves are
presented in Figure 14. TGA commonly used in mineral carbonation to obtain yields
was coupled with MS (Mass Spectrometer). This enabled us to calculate yields for
dunite rock as evolved CO, gas and water vapours were measurable. TGA-MS was
routinely calibrated. One example of calibration curves is shown in Figure 15.

4.1 TGA-MS analysis of olivine (Norway) and olivine (Netherland)

Olivine (Norway) and Olivine (Netherland) were analysed using TGA coupled
with MS (Mass Spectrometer). Results are presented in Figure 14.
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Figure 14.
TGA-MS analysis of olivine (Norway) and olivine (Netherland).

4.5E-05 4.5E-05
4.0E-05 y = 2E-05x 4.0E-05 y = 1E-05x -4E-07
R?=0.9999 R?=0.9994
3.5E-05 3.5E-05
2 3.08-05 2 3.0E-05
c c
= 2.5E-05 . 2.5E-05
[ [}
% 2.0E-05 < 2.0E-05
'S 15E-05 'S 15E-05
A ~
1.0E-05 1.0E-05
B Peak Area @ Peak Area
5.0E-06 Linear (peak area) 5.0E-06 Linear (peak area)
0.0E+00 0.0E+00
0 05 1 15 2 25 3 0 05 1 15 2 25 3
Mass CO, (mg) Mass H,0 (mg)
Figure 15.

Calibration curve to calculate mass loss of CO, (left), Calibration curve to calibrate mass loss of H,O (right).

These results at least partially confirm that Olivine (Netherland) has more lizardite
and is 53.01% as shown in Table 4. This verifies QXRD analysis. Dunite for this
research was handpicked from Doonba deposit in vicinity of a small village/town
Barbara, close to Tamworth city. Tables 5 and 6 and other following tables present
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Lizardite Olivine Brucite Magnetite
20-45 pm dunite 70 28 12 0.23
20-45 pm dunite 69 29 1.9 0.43
20-45 pm dunite 71 27 15 0.27
20-45 pm dunite 71 27 0.82 0.25
20-45 pm dunite 72 26 1.3 0.17

Table 5.
Semiquantitative XRD results (3 times XRD repeat, 2 reanalyses).

Lizardite Olivine Brucite Magnetite

—75 pm dunite 61 29 8.3 13
20-45 pm dunite 51 42 5.2 13
20-45 pm dunite repeat 51 42 5.9 13
45-75 pm 50 43 6 13
—20 pm dunite 66 24 8.6 1.3
Sr. No Lizardite Olivine Brucite Magnetite
1 —75 pm dunite QXRD 61 32 6.4 0.37

—75 pm dunite TGA-MS 61 30 (difference) 8.3 0.37 (XRD)

Variation of vesults with the variation of size, e.g., —75 pum, 20-45 pm, 45-75 ym, —20 pm is interesting.

Table 6.
TGA-MS analysis vesults.

phases present in this dunite. Sub 75 pm dunite have 61% lizardite, 29% olivine, 8.3%
brucite and 1.3% magnetite [18]. Percentage phases for other dunite fractions (20-45-
micron, 45-75 micron and sub 20 micron) are presented in Table 6. An example of
calibration curves for TGA-MS calibration is provided in Figure 15, routinely
calibration was performed. Dunite is used here for calibration.

4.2 Yield calculation from dunite carbonated product

For magnesite yield calculation, please refer to earlier publication [10].

Carbonated products were heated in TGA from 25 to 1000°C and mass losses due
to decomposition of different phases present are identified. To identify the evolving
gases generated during heating, the TGA-DSC (Setsys Evolution 1200) was coupled
with a mass spectrometer (Thermostar Quadrupole). Lizardite decomposes over the
same temperature range (300-600°C) as the magnesite and this can introduce a slight
systematic error in magnesite yield estimation (leading to an over-estimation of the
magnesite yield) unless the mass loss in this period can be quantitatively attributed to
loss of H,0 or CO, from the sample. To distinguish between these species, the ion
current from the m/z = 44 ion (CO,") from mass spectrometer was calibrated using
sodium bicarbonate samples and a calibration curve for CO, concentration is
obtained, which is used to quantify CO, mass loss (distinguishing CO, production
from the loss of water vapour which occurs simultaneously) and thus render more
accurate estimation of the magnesite yield. CO, peak areas were calculated using the
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Figure 16.
Calibration curve to calculate mass loss of CO,.

mass spectrometer data and CO, mass response is estimated based on the reaction
(2NaHCO3; = Na,COj3 + CO, + H,0). The relationship between peak areas and CO,
mass loss was linear as shown in the CO; calibration curve (Figure 16).

For carbonated samples, the CO, peak areas were estimated using MS data and
then these peak areas are used to determine CO, mass loss applying the CO, calibra-
tion curve. This CO, mass loss was used in Eq. (6) to calculate magnesite yield. Eq. (6)
is based on the Gadikota formula (4).

Calculating fraction of magnesium (yyg) in dunite

Measured weight ratio of CO; stored in mineral

Yield (Rx) = { x 100%

The residual CO, storage capacity
=
Wminera
=~ % 100%
Reo,

TGA
—R 2B L 100%
€0z X <(100 —TGA)) AT

TGA
= _— 9
RC02 X <(100 — TGA)) x 100% (3)

1
CO; st ity of dunite = =
28 orage capam y o unite RC02

<yMg i Yca

MW, 4
MW MWCa) xMWeo,  (4)

) MWy, 24.3
9 = —— o — | —— ofy — [v)
0of Mg in MgO <MWMgO) x 100% (40.3) x 100% = 60.3%

%of MgO in dunite = 42.6%
%of Mg in dunite = 60.3% x 0.426 = 25.7%

Ymg = 0257 (using this value in equation 5)

Calculating fraction of calcium (yc,) in dunite

MW, 40
%of Cain CaO = (MWCC:0> x 100% = (56

> x 100% = 71.4%
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%of CaO in dunite = 0.35%

%of Ca in dunite = 71.4% x 0.0035 = 0.25%

Ve, = 0.0025 (using this value in Eq. 5)

1 yMg Yca .
_ MW ¢
RCO, (MWMg  Mwe, ) * MWeo (equation 5)

1 (0257 0.0025
RCO, \ 243 40

) x 44 = 0.468

RCO, = (0468> = 2.136 (using this value in equation 4)
TGA

Wecoz = Weight of CO, present in dunite before carbonation.

Wininera1 = Weight of dunite present before carbonation.

1/Rcoz = CO, storage capacity of dunite.

ymg = Weight fraction of magnesium present in dunite which can react with CO,.

MW, = Molecular weight of magnesium (24.3 g/g mol).

MW y,0 = Molecular weight MgO (40.3 g/g mol).

Vca = Weight fraction of calcium present in dunite which can react with CO..

MW, = Molecular weight of calcium (40 g/g mol).

MW¢,0 = Molecular weight of CaO (56 g/g mol).

MWco, = Molecular weight of CO, (44 g/g mol).

Rcoz = Mass of dunite required to store unit mass of CO,.

TGA = CO, mass loss from calibration curve.

Ry = Yield or extent of carbonation.

For a detailed description of materials, analytical instruments and
experimental methods, please refer to Chapter 3 of the Ph.D. thesis [2]. Materials,
Dunite, heat-activated dunite, heat-transformed dunite, twin sisters mountain
dunite, olivine, lizardite and heat-activated lizardite are discussed. Analytical
instruments, TGA-MS, XRD, Semi-Quantitative XRD (QXRD), ICP-OES, SEM, EDS,
TEM, FTIR and Malvern Mastersizer are discussed. Experimental methods, acid
dissolution, regrinding, single-stage carbonation, acrylic reactor testing without
temperature and pressure, concurrent grinding both in situ and in operando and
two-stage carbonation are discussed. Please refer to these publications for further
details [2, 10, 13, 14, 18, 19].

A comparison of elemental composition of dunite by ICP-OES and XRF is provided
in Table 7.

4.3 Magnesite yield results using different feedstocks

Magnesite yield results using various feedstocks are presented in Table 8.

Few of these results are presented graphically in Figure 17. For already published
results, please refer to [2, 19] and [10, 18] and [13, 14]. Soaked dunite especially heat-
activated provided the highest yields. This is not evident from literature, especially for
heat-activated dunite. However, for raw dunite, some results are presented in Ph.D.
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Element ICP-OES (wt %) XRF (wt %)

Mg 258 +1 25.7

Si 124 +0.3 16.6

Fe 6.38+ 0.3 6.46

Ca 0.373 + 0.07 0.251

K 0.04 +0.01 0.0015

Al 0.285 + 0.04 0.171

This is a preliminary analysis comparison.
Table 7.
Comparison of elemental composition of dunite by ICP-OES and XRF.

Sr.  Particle Material Reaction condition Experiment condition =~ Reaction Yield

No Size (pm) time (h) (%)

1 Sub 75 dunite 185°C, 130 bar, 15% raw 1 24
solids, 0.64 M NaHCO3

2 Sub 75 dunite 185°C, 130 bar, 15% Raw and regrinding 1.5 24
solids, 0.64 M NaHCO;

3 Sub 75 dunite 185°C, 130 bar, 15% Heat-activated (630°C, 1 37
solids, 0.64 M NaHCO3 4 hrs)

4 Sub 75 dunite 185°C, 130 bar, 15% Soaked 15 days 1 20
solids, 0.64 M NaHCO3;

5 Sub 75 dunite 185°C, 130 bar, 15% Soaked 30 days 1 22
solids, 0.64 M NaHCO3

6 Sub 75 dunite 185°C, 130 bar, 15% raw 1 19
solids, 0.64 M NaHCO3

7 Sub 75 lizardite 185°C, 130 bar, 15% raw 1 2.2
solids, 0.64 M NaHCO3

8 Sub 75 dunite 185°C, 130 bar, 15% Heat-transformed (800°C, 1 18
solids, 0.64 M NaHCO3 3 hrs)

9 Sub 75 dunite 185°C, 130 bar, 15% Heat-transformed (800°C, 1 18
solids, 0.64 M NaHCO3; 3 hrs)

10 Sub 75 dunite 185°C, 130 bar, 15% Heat-activated (630°C, 1 37
solids, 0.64 M NaHCO3; 4 hrs)

11 Sub 75 dunite 185°C, 130 bar, 15% Heat-activated (630°C, 1 42
solids, 0.64 M NaHCO3 4 hrs), 1 month soaked

12 20-45 dunite 180°C, 130 bar, 15% Reference 2.5 53
solids, 0.64 M NaHCO3

13 20-45 dunite 180°C, 130 bar, 15% Concurrent ground 2.5 31.6
solids, 0.64 M NaHCO;

14 20-45 dunite 180°C, 130 bar, 30% Concurrent ground 2.5 16.4
solids, 0.64 M NaHCO3;

15 20-45 dunite  180°C, 65 bar, 15% solids, Concurrent ground 2.5 12

0.64 M NaHCO;
16 20-45 dunite  155°C, 65 bar, 15% solids, Concurrent ground 2.5 22.5

0.64 M NaHCO;
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Sr.  Particle Material Reaction condition Experiment condition Reaction Yield

No Size (pm) time (h) (%)

17 20-45 dunite  180°C, 65 bar, 30% solids, Concurrent ground 2.5 10.4

0.64 M NaHCO3

18 20-45 dunite 155°C, 130 bar, 30% Concurrent ground 2.5 10.9
solids, 0.64 M NaHCO3

19 20-45 dunite 180°C, 130 bar, 15% Concurrent ground 8 62
solids, 0.64 M NaHCO3;

20 Sub 20 dunite 180°C, 130 bar, 15% In operando grinding 2.5 23.6
solids, 0.64 M NaHCO3;

21 20-45 dunite 180°C, 130 bar, 15% reference 8 123
solids, 0.64 M NaHCO;

2 20-45 dunite 180°C, 130 bar, 15% Effect of sampling 2.5 28.2
solids, 0.64 M NaHCO3

23 20-45 dunite 180°C, 130 bar, 15% Effect of sampling 1 13
solids, 0.64 M NaHCO;

24 20-45 dunite 180°C, 130 bar, 15% Effect of sampling 0.5 9.3
solids, 0.64 M NaHCO;

25 20-45 dunite 180°C, 130 bar, 15% Effect of sampling 0.05 6.3
solids, 0.64 M NaHCO3;

26 Sub 10 dunite 180°C, 130 bar, 15% In operando grinding 8 54.6
solids, 0.64 M NaHCO3

27 20-45 dunite 180°C, 130 bar, 15% Concurrent grinding 2.5 31.6
solids, 0.64 M NaHCO3

28 20-45 dunite 180°C, 130 bar, 15% Concurrent grinding 2.5 27.2
solids, 0.64 M NaHCO;

29 20-45 olivine 180°C, 130 bar, 15% reference 2.5 0.94
solids, 0.64 M NaHCO3;

30 20-45 olivine 180°C, 130 bar, 15% Concurrent grinding 2.5 34.1
solids, 0.64 M NaHCO3;

31 Sub 75 lizardite 180°C, 130 bar, 15% Concurrent grinding 2.5 53
solids, 0.64 M NaHCO3;

32 45-75 dunite 180°C, 130 bar, 15% Concurrent grinding 2.5 71
solids, 0.64 M NaHCO3;

33 45-75 dunite 180°C, 130 bar, 15% Concurrent grinding 2.5 38.2
solids, 0.64 M NaHCO3

34 Sub 75 olivine 180°C, 130 bar, 15% reference 2.5 2.4
solids, 0.64 M NaHCO3

35 Sub 75 olivine 180°C, 130 bar, 15% Concurrent ground 2.5 9.2
solids, 0.64 M NaHCO;

Table 8.

Yield results for different feedstocks under various experiment and reaction conditions.

thesis. Dunite yield calculation is very easy and straightforward, please refer to my Ph.D.
thesis publication. Six times higher magnesite yields, or say an increase of 600% [10, 14],
or almost two times higher yields in two-stage [13] were achieved using concurrent
grinding. Olivine does not accept this much, but still shows some increased trend.
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Figure 17.

Comparison of reactivity of dunite, soaked dunite, heat-activated dunite and lizardite and raw dunite soaked.
4.4 Semiquantitative XRD results authenticity

Authenticity of QXRD is shown in Table 5.
4.5 TGA-MS results authenticity

TGA-MS results authenticity is excellent. Please see the consistency of magnesite
results, which are constant. However, these results have variations as per variation of
size fraction.

Error in Brucite calculation due to slight peak overlap.

Error and second option of calculation is shown in Figure 18.

Sr.No. 1. QXRD Calculation details.

Csi Cliz Coli Cbru Cmag Total
20.3 48.89 25.287 5.117 0.298 99.91
Exclude silicon 61.4 31.77 6.42 0.374 100
Brucite Olivine Brucite Lizardite
10000 v 13000 N
9000 4 \/
8000 - 12000 1
7000 11000 -
». 6000 o
2 5000 "2 10000 A
g g
£ 4000 i
3000 4 — Series1 9000 1
2000 8000 4
1000
0 7000
37 372 374 376 378 38 382 384 386 388 39 18 182 184 186 188 19 192 194
2-THETA 2-THETA

Figure 18.
The left-hand side image graph shows overlap. The right-hand side shows an alternative option.
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More results related to this TGA-MS matching with QXRD.

Sr. Lizardite Olivine Brucite Magnetite

20-45 pm dunite TGA-MS 52 42 (difference) 5.9 0.2 (XRD)

20-45 pm dunite TGA-MS repeat 51 43.6(difference) 5.27 0.2 (XRD)
1 20-45 pm dunite QXRD 52 42 5.8 0.2
2 20-45 pm dunite QXRD repeat 52.6 42 5.27 0.19
3 20-45 pm dunite QXRD repeat 53 40 6.1 0.23

A very good match between TGA-MS and QXRD results was obtained when using an
olivine peak at 17.3°. Brucite also shows a good match. The same peak points were used
for all 3 XRD patterns and they are also similar to the —75 pm dunite analysis which
provides more confidence in results. Points are slightly changed for 2045 pm dunite for
olivine peaks as these peaks show a slight variation. Results authenticity is excellent.

4.6 Validation of Malvern Mastersizer results

Relationship between dgo (mean particle size) and Malvern mastersizer RPM for
olivine (Figure 19). The minimum RPM required for Malvern mastersizer based on
feed mean size is given below.

4.7 Validation of olivine yields through QXRD measurements and matched
TGA-MS

4.7.120: 45 um olivine crushed carbonated sample QXRD

20-45 pm olivine crushed carbonated reference sample is mixed with 20% silicon
and the sample is then scanned for semiquantitative analysis for 3 hrs. This is a
reference experiment in which grinding media is not used. The reaction was done at
180°C and 130 bar. Table 9 shows QXRD results matched with TGA-MS results.

2500

20004

1500 4

1000

RPM (Malvern mastersizer)

500 4

o4 v v vy
0 50 100 150 200

d80 (Mean particle size)

Figure 19.
Relationship between mean particle size and Malvern Mastersizer minimum RPM.
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Olivine Lizardite Clinochlore Enstatite Talc Magnesite Yield

20-45 pm olivine Reference 91% 0.68% 1.7% 0.36%  0.49% 5.3% 2.76%
Experiment

Table 9.
QXRD analysis and yield from QXRD compared with yield from TGA-MS.

4.8 Olivine yield calculation

Mass of MgCO; = 5.3%(from QXRD) = 0.053 g.
= 0.053/84 = 0.000628 moles

MgCO3; = MgO + CO,.

Moles CO, = 0.000628 moles.

Mass CO, = 0.000628 * 44 = 0.02766.

Yield = (0.02766/1) * 100 = 2.76% > (1%) from TGA-MS.

4.8.1 20-45 pum olivine crushed concurrent ground sample QXRD

20-45 pm olivine crushed concurrent ground sample is mixed with 20% silicon and
the sample is then scanned for semiquantitative analysis for 3 hrs. This is a concurrent
grinding experiment in which grinding media is used. The reaction was done at 180°C
and 130 bar. Table 10 shows QXRD results matched with TGA-MS results.

4.9 Yield calculation

Mass of MgCO; = 76%(from QXRD) = 0.76 g.
= 0.76/84 = 0.009 moles

MgCO5; = MgO + CO,.

Moles CO, = 0.009 moles.

Mass CO, = 0.009 * 44 = 0.396.

Yield = (0.396/1) * 100 = 39.6% > (34.1%) from TGA-MS, reference [14].

4.9.1 Validation of EDS for 20—45 um dunite resin embedded samples

Various particles analysis indicate the authenticity of EDS analysis (Figures 20-22).

From our earlier articles, a significant difference in morphology of silica-rich
layers, especially core and shell part is visible [14]. However, EDS analysis especially
silicon shows no significant difference as depicted in above Figures (20-22). However,

Olivine Lizardite Clinochlore Enstatite Talc Magnesite Yield

20-45 pm olivine concurrent 19% 0.15% 0.53% 0.1% 3.6% 76% 39.6%
ground experiment

Table 10.
QXRD analysis and yield from QXRD compared with yield from TGA-MS.
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Figure 20.
20-45 pm dunite sample (embedded in resin) ten particles analysis.
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Figure 21.

20—45 pm dunite reference carbonated (8 h) sample (embedded in vesin) eleven particles analysis and consistency
of EDS analysis.

as reported earlier, Mg/Si ratio difference [13, 14] is there to confirm the presence of
silica-rich layers. This may be taken as one of the key findings of this chapter.

5. Conclusions and recommendations

Suppliers may give wrong materials, but a variety of analyses will determine this.
Semiquantitative XRD (QXRD) results authenticity is excellent. TGA-MS results
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Figure 22.
20—45 pm dunite concurrent ground carbonated (8 h) sample (embedded in resin) seven particles analysis and
consistency of EDS analysis.

authenticity is excellent. No doubt left on TGA-MS and QXRD results matching. ICP-
OES results match with XRF results is excellent. EDS results graphically shown are
excellent. Routine calibration of measuring instruments must be performed. This very
instrument to instrument. Reputed researchers will know the frequency of calibration.
The key to calibration is that calibration results match with standard calibration
figures/charts or numbers provided by the supplier of the instrument. I recommend
contacting the supplier directly or indirectly if calibration curves results are not
matching as per intended results. I recommend using pure standard materials for
calibration of TGA, MS, ICP-OES, XRD, SEM, EDS, TEM, Malvern Mastersizer, ATR,
TPD and other measuring instruments.
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Chapter 5

Normative Mineralogy Especially
for Shales, Slates, and Phyllites

Hans Wolfgang Wagner

Abstract

First, an insight into normative mineralogy and the most important methods for
calculating the standard or norm minerals, such as the CIPW norm, is given. This is
followed by a more detailed explanation of “slatenorm” and “slatecalculation” for low
and very low metamorphic rocks, such as phyllites, slates, and shales. They are par-
ticularly suitable for fine-grained rocks where the mineral content is difficult to
determine. They enable the determination of a virtual mineral inventory from full
chemical analysis, including the values of carbon dioxide (CO2), carbon (C), and
sulfur (S). The determined norm or standard minerals include the minerals—feld-
spars, carbonates, micas, hydro-micas, chlorites, ore minerals, and quartz. The
advantages of slatenorm and slatecalculation compared to other methods for
calculating normal minerals of sedimentary rocks are discussed.

Keywords: slates, shales, phyllites, norm mineral calculation, CIPW, slatenorm,
slatecalculation, micas, hydro-micas, illite, low- and very low-grade metamorphism

1. Introduction

A norm or standard mineral inventory is a fictitious inventory that, in contrast to
the modal and in fact mineral inventory, is calculated from the oxides of a chemical
analysis of rock. Each oxide is then divided by its molecular weight. These molecular
numbers are then the basis for further calculations (Table 1).

The results of the calculations are given as standard or norm minerals. They are
given as abbreviations and mostly in small letters such as q (or qu) = quartz or
mu = muscovite. The standard minerals each have a clearly defined chemical
composition. This distinguishes them from some minerals in nature that have a more
complex composition, such as pyroxenes, amphiboles, or chlorites. In these cases,
simplifications or end links of a mixture series are used [1-3].

Usually, standard minerals are frequently occurring rock-forming minerals. Only
in exceptional cases do you have to use minerals that occur only rarely or not at all in
nature. The norm mineral inventory should come as close as possible to the actual,
modal mineral inventory, which is not always possible [1-3].

The CIPW (Cross, Iddings, Pirsson, Washington) norm [4] is the most common
method for magmatites. The Rittman norm for igneous rocks or the Niggli norm for
igneous rocks and metamorphic rocks are less common.
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Oxide symbol Approximate molecular weight
(AMU)
Sio, 60.1
TiO, 79.9
AlLO; 102.0
Fe,03 159.7
FeO 71.8
MnO 70.9
MgO 40.3
CaO 56.1
Na,0 62.0
K,O 94.2
P,0s 141.9
co, 44.0
(Non-carbonate C) 12.0)
SO;3 (or S) 80.1 (or 32.1)
Table 1.

The full chemical analysis for standard mineral calculations.

There are other methods for standard mineral calculations for sediments, such as
SEDNORM [5], SEDMIN [6], PELNORM [7], and a linear program without a name
(mainly for sandstones [8]).

The slatenorm and the slatecalculation norm are used for fine-grained sedimentary
rocks and very low and low-grade metamorphic rocks, such as shales, slates, and
phyllites [9]. As new methods, they are dealt with in great detail here.

2. CIPW norm

The CIPW system is one of the best-known and best-elaborated chemical classifi-
cations of igneous rocks. It was developed as early as 1902. The CIPW system (CIPW
norm) is based on a normative mineral inventory. This normative mineral inventory
consists of a number of standard minerals (Table 2).

With them, groups of substances of chemical analysis are summarized and thus
the quite complex chemistry of the igneous rocks is made clearer. As before, however,
the CIPW standard plays a major role for the purpose of comparing the chemical
properties.

The calculation of the CIPW standard is carried out according to a specified
scheme. It can be found in a number of publications [3, 4]. Computer programs have
also been developed since 1965 [10]. Several websites now offer online facilities for
calculating CIPW [11, 12].

There are now numerous suggestions for improvement and additions to the CIPW
standard. In particular, a standard method that is consistent with a rock classification
as recommended by the International Union of Geological Sciences IUGS has proven
to be necessary. There will be detailed step-by-step instructions for a standard igneous
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Normative mineral name Abbreviation Mineral formula
Quartz Q SiO,
Korund C Al 05
Orthoclase or K,0 Al,03 6Si0O,
Albite ab Na,0 Al 053 6Si0,
Anorthite an CaO AL,03 2Si0,
Leucite le K,0 Al 03 4Si0,
Nepheline ne Na,O Al,05 2Si0,
Kaliophilite kp K,0 Al,03 4Si0O,
Diopside di CaO (Mg, Fe)O 4SiO,
Wollastonite wo CaO SiO,
Hypersthene hy (Mg, Fe)O SiO,
Olivine ol 2(Mg, Fe)O SiO,
Acmite ac Na,0 Fe,05 4Si0,
Magnetite mt FeO Fe,03
Hematite hm Fe,03
Ilmenite il FeO TiO,
Apatite ap 3(3Ca0 P,0s)
Pyrite pr FeS,
Calcite cc CaO CO,
Table 2.

The standard minerals in the CIPW norm [1-3].

norm (SIN) presented [13]. The review of the main computer programs for the
classification of igneous rocks in the sense of the IUGS leads to the new program
“Igneous Rock Classification System” (IgRoCS) [14].

3. Niggli and Rittmann norm

The Niggli norm (or Niggli’s molecular catanorm) was developed by P. Niggli in
1933 [2, 3, 15]. It was later renamed the equivalent norm. It is in contrast to the CIPW
standard, flexible in the choice of minerals to be considered. On the basis of the
equivalent numbers standardized to 100%, the chemical rock analysis (Table 1) are
the so-called base molecule groups developed. These are the simplest chemical com-
pounds of the most common elements in the earth’s crust. A standard mineral inven-
tory can now be calculated from these basic molecule groups. The standard minerals
calculated in this way correspond to the minerals that are present at high temperatures
and high-pressure conditions arise. This is why, this standard was given the name
Katanorm. Niggli’s work was taken up by Barth (1952) [3, 16] and the norm was
converted into the atomic equivalents. Barth developed the other methods Mesonorm
and Epinorm for lower metamorphic rocks [17]. A computer program has also been
developed for this purpose [18].

83



Mineralogy

Even so, the Niggli norm never really caught on. The greater flexibility of the
Katanorm compared to the CIPW norm brings one greater computational effort. In
addition, the Katanorm minerals do not come from the modal mineral composition of
rock closer than the standard minerals to the CIPW standard [3].

Rittmann (1973) [3, 19] developed a calculation method based on the Katanorm
Niggli. It is closer to nature, but also much more complicated. The calculation
method is particularly important for volcanites, in which the modal mineral inventory
can only be partially recognized. The minerals are often submicroscopic, only
partially or not at all crystallized. The Rittmann norm uses information that remain
unused in the CIPW norm and the Niggli norm, such as the degree of oxidation, the
H,0 and CO, content, or the geological situation, and the structure of the rock. The
method, therefore, includes several different standard calculation methods that
take this information into account. A computer program was developed at an early
stage [20].

4. SEDNORM, SEDMIN, PELNORM and other

SEDNORM [5] is a method for calculating standard minerals from unconsolidated
sediments and coal ash from full chemical analysis. As with the Rittmann standard,
different standard variants can be selected depending on the available data (e.g., clay
chemistry). According to the authors, SEDNORM is suitable for use on sandstones,
shales, and carbonate rocks. The calculation process of SEDNORM is described but is
not available online as a program.

SEDMIN [6] is a standard mineral calculation for sediments that focuses on the
minerals smectite, chlorite, kaolinite, illite, and ambiguous sericite. Within the full
chemical analysis, TiO, is used to calculate kaolinite. According to the author,
SEDMIN is able to predict predominant clay minerals even with atypical sample data.
A calculation program for SEDMIN is available online [21].

PELNORM [7] is a calculation method for clay minerals and pelitic rocks from data
as in Table 1. The procedure differentiates between the variants with missing smectite
(A) and existing smectite (B). K,O can be used to determine both orthoclase (K-
feldspar, or) (A1, B1) or illite (ill) (A2, B2) plus orthoclase. According to the authors,
the method achieves a good match between normative and modal mineral composi-
tion. The calculation steps of PELNORM are described together with program steps in
FORTRAN. A computer program is not available online.

5. Slatenorm and slatecalculation norm in general

In a research project from 1989 to 1991, an attempt was made to use a full chemical
analysis similar to the CIPW norm for magmatic rocks to make a rather inaccurate
norm mineral evaluation for roof and wall slates ([22] and Table 2 therein). Sericites
(muscovite and paragonite), chlorites, quartz, and total carbonates were estimated as
the main minerals. Ward and Gémez-Fernandez [23] used the Rietveld method-based
Siroquant data processing system for X-ray powder diffraction analysis for the deter-
mination of the slate main minerals quartz, feldspar, micas, and chlorites. However,
the application of the method was limited to low carbonate Spanish roofing slate. The
determined feldspar (albite) values were higher than those of chlorite and likely to be
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too high. Jung and Wagner [24] created a calculation method similar to the CIPW
norm that was ready for practical use. They managed to determine the mineral
constituents, and in particular, the content of free quartz with sufficient accuracy—
for the first time—to some essential practical statements.

The results of such norm calculations have already been used not only in test
certificates but also in a manual [25]. Other authors cited such norm calculations
together with results of other analyses and found good matches [26]. The results of
more than 20 years of application of “slatenorm” [22, 25, 26-30] have shown that
the inclusion of additional ore minerals, color-giving minerals, and hydro-micas
(especially illite) in the new slatecalculation is reasonable.

The extended method slatecalculation presented here is based on a previous,
unpublished program called “slatenorm” [24, 31] (Appendix A and B). The calcula-
tions are based on the full chemical analysis (Table 1). In the case of slatenorm
and slatecalculation norm, a distinction is made between CO, (= carbonated C) and
C (= non-carbonated C, approximate atomic weight = 12.0). In addition, S (approxi-
mate atomic weight = 32.1) and not SOj; are being used as a basis. In a first step, the
extended algorithm includes the distinction of sulfides. So far, pyrite was the only
sulfide calculated in “slatenorm.” In many higher metamorphic slates (e.g., slates
from Spain), pyrrhotite is predominant and should be included in the calculation
because it is more susceptible to oxidation. Therefore, in the first step, the extended
algorithm differentiates various sulfides.

The basic calculations of the algorithm, fundamental norm minerals, and chemical
formulas are described in a very simplified form below (quoted from [9], detailed
flowchart see Appendix A):

P,0s — ap = apatite = 3.3Ca0 P,0s (1)

S(approx. Half, sofar macroscopically or microscopically determined) @
— pn pyrrhotite ~ FeS

Residual S — pt. = pyrite = FeS, (3)

Fe,03 and TiO, — tm = titanomagnetite = FeO Fe,05 TiO,, frequently occurring

mixture mineral in slates (cf. [22, 32]) At the deficit of FeO in some cases a back
calculation (28-31 or 49-51) tm in ru = rutile = TiO, is needed.

TiO, — ilm = ilmenite = FeO TiO, (4)

Fe,03 — he = hematite = Fe,03 (5)

C — gr = graphite = C (6)

CO, — carbonates(cc = calcite = CaO CO,, dol = dolomite )
= CaOMgO 2CO,, sid = siderite = FeO CO,)

Residual CaO — an = anorthite = CaO Al, 05 2SiO, (8)

K,0 — mu = muskovite = K,0 3A1,0; 6Si0, 2H,0 9)

Na,O — pa = paragonite = Na,0 3Al,03 6Si0, 2H,0 (10)

The very variable minerals of the chlorite group require more complicated consid-
erations with regard to their composition (see subsection 7).
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MgO — mc = 3MgO 2Si0, 2H,0 = mc/3 (serpentine) (11)

FeO — fc = 3FeO 2Si0, 2H,0 = fc/3 (greenalite) (12)

MgO and Al,O3 — mac = 2MgO AL, 03 SiO; 2H,0 = mac/2 (amesite) (13)
FeO and AL,O3 — fac = 2FeO AL, 03 SiO; 2H,0 = fac/2 (daphnite) (14)

With the negative rest of Al,O; — (ab, or) = feldspars:

instead of pa Na,O — ab = albite = Na,O AL, 03 6Si0, (15)
instead of mu — K,O — or = orthoclase = K,0 Al,03 6SiO; (16)

In case of high AL,O; — contents the calculation of chloritoid might be necessary:

instead of fac — ct = chloritoid
= FeO AL O3 SiO, H,OResidual SiO, — qz 17)
= quartz = SiO,Residual H,O — water — aq

The remaining H,O = aq may have a positive or negative value, and this is the basis
for an extended algorithm determining hydro-micas. In the input data, carbon com-
pounds (e.g., CO, and organic C) and elementary sulfur (S) are not included in the
glow loss (or loss of ignition (LOI), but rather subtracted. Furthermore, in the case of
predominant FeO compounds, the description of the total amount of Fe as Fe;03 leads
to an unrealistic oxidation gain at the expense of the LOI. Only a carefully corrected
LOI can be incorporated in the norm calculation as H,O = aq but will still be less
precise. Thus, the calculated data will have a higher range of variation.

6. The calculation of hydro-micas (ill = illite and br = brammallite)
in slatecalculation

A positive aq value is a basis for the hydro-micas calculation (see steps of calcula-
tion 40-60 in Appendix A). The original values, as well as the results of calculation
steps 9 (Al;03 and SiO,) and 17 or 19 (in Appendix A) (MgO and FeO), are used as the
starting point (Quoted from [9]):

aq (share K;0) — ill = illite = 0.65K,0 3Al,05 6SiO; 2.35H,0 (18)
aq (share Na,O) — br = brammallite = 0.65Na,0 3AL, 03 6Si0; 2.35H,0  (19)

The calculation of hydro-micas requires a recalculation of the remaining
phyllosilicates, like micas (mu, pa, steps 41 and 42 in Appendix A) and chlorites
(mac, mc, fac, fc, steps 47-59 in Appendix A).

If aq - contents >0, the calculation of limonite is necessary as well:

instead of he — Im = limonit = Fe,03 H,0 (20)
Residual SiO, — qz = quartz = SiO, (21)
Residual H,O — aq (22)

If the ill and br values are exceptionally high, in rare cases, MgO and FeO can
remain after the calculation and lead to an Al,O3-deficit. In this case, the following
varieties may be calculated as hydro-micas:
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aq(share K,0) — maill = 0.65K,0 1.05MgO 1.95A1,05 6Si0; 2.35

23
xH,;0(Mol.Wt of Mineral : 705.21) 23)
aq(share K,0) — faill = 0.65K,0 1.05FeO 1.95A1,03 6Si0O; 2.35 (24)
xH,;O(Mol.Wt of mineral : 738.32)
or in combination:
aq(share K,0) — mfaill = 0.65K,0 0.525MgO 0.525FeO 1.95Al,03 6Si0, 25)
%x2.35H,0(Mol.Wt of mineral : 721.77)
aq(share Na,O) — mabr = 0.65Na,0 1.05MgO 1.95A1,05 6Si0O; 2.35 (26)
xH,;0(Mol.Wt of mineral : 684.27)
aq(share Na,O) — fabr = 0.65Na,0 1.05FeO 1.95A1,05 6Si0, 2.35 27)
xH,O(Mol. Wt of mineral : 717.39)
or in combination:
aq(share Na;O) — mfabr = 0.65Na,0 0.525MgO 0.525FeO 1.95A1,04 (28)

x6Si0; 2.35H,0(Mol.Wt of mineral : 700.83)

If the first calculation steps yield negative values or additional information about
other minerals is available, further calculations may be considered (e.g., Alta-
Quartzite-schist and others):

CaO — epi = epidote = 4CaO Fe,03 2A1,05 6Si0, H,O (29)
CaO — wo = wollastonite = CaO SiO, (30)

TiO; — tit = titanite = CaO TiO, SiO, (31)

Fe,03; — mt = magnetite = FeO Fe;03 (32)

MnO — sp. = spessartine = 3MnO AL, 03 3Si0; (33)

As a final step the norm minerals are added up to minerals and/or mineral groups:

an + ab + or = feldspars (34)

cc + dol + sid = carbonates (35)

mu + pa = micas (36)

ill + br = hydro — micas (37)

mac + fac + mc + fc = chlorites (38)

pn + pt. = sulfides (39)

pn + pt. + tm + ilm + ru + he (+mt) = ore — minerals (40)

qz + an + ab + or (+sp) = rigid minerals (41)

mu + pa + ill + br + mc + mac + fc + fac = elastic minerals (42)
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7. The chlorites in both methods

Due to the great variability of the chlorites, 3 versions (I, II, and
“Grundversion” = GV) were used as a basis for the calculation of slatenorm. Later only
the “Grundversion” was used as a basis for slatenorm and slatecalculation. Jung &
Wagner (1996-2000) [24] determined for chlorite porphyroblasts in roof slate rela-
tively high iron and aluminum contents with Fe/(Fe + Mg) ratios between 0.6 and 0.7
and a replacement of silicon by aluminum [IV] of 35-40 (Weight-%). According to
the classification of the chlorites, these are aphrosiderites in this case (Figure 1). The
three versions concern the inherently variable proportion of aluminum that replaces
tetravalent silicon (Si). The Mg-Al-chlorite (mac for short) and Fe-Al-chlorite (fac for
short) are taken as the basis as standard minerals.

They are given here as simplified formulas without taking trivalent Fe into
account:

Mg-Chlorite:

Serpentine 6MgO 4SiO, 4H,0 in all versions slatenorm and slatecalculation for mc.

Clinochlore 5MgO 1Al1,03 3SiO, 4H,0 in slatenorm version II for mac.

X 4,5MgO 1,5A1,03 3Si0; 2,5H,0 in slatenorm version I for mac.

5
_ [2]
0 2
- ] 5=
S S 5g4
E=yg Eg_9 E3g
S50 GS=5 !8533
£98 3Sag £8g
a2 E T8E sxE
Greenalite Chamosite Y Daphnite
1.0 @ ®
fc i e fac
phrosideri
o Y- / +2
= Fe ~-|Chlorites
+
o 0.6 g
- /
S
° /
L o4 /
0.2
Mg -|Chlorites
mc¢ )| )\ | mac
0.1 0.2 0.3 0.4 0.5
AlIV / (AIIV + Si)
Serpentine Clinochlore X Amesite

Figure 1.
Composition of chlorite porphyroblasts in Spanish roof slates, light—Field of variation of natural chlorites, further
explanations in the text [33].
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Amesite 4MgO 2A1,03 2Si0, 4H,0 in slatenorm “Grundversion” (= GV) and
slatecalculation for mac.

Fe-Chlorite:

Greenalite 6FeO 4SiO, 4H,0 in all versions slatenorm and slatecalculation for fc.

Chamosite 5FeO 1Al,05 3SiO, 4H,0 in slatenorm version II for fac.

Y 4,5FeO 1,5A1,05 3SiO, 2,5H,0 in slatenorm version I for fac.

Daphnite 4FeO 2A1,03 2SiO, 4H,0 in slatenorm “Grundversion”(= GV) and
slatecalculation for fac.

As an example, full chemical analyses of five different sample (Tables 3 and 4)
were selected, including a shale, a phyllite, two low-carbonate roofing slates from
Germany and Spain, and roofing slate with carbonate (Magog). The biggest difference
between slatecalculation and the three versions of slatenorm (I, II, and
“Grundversion” = GV) is when hydro-micas (illite and brammallite) are calculated.
In this case, more SiO, and Al,O; are “consumed” than with micas and thus fewer
chlorite minerals are calculated.

In the case of shales (Table 3), there are only meaningful results with slatecal-
culation, i.e., when considering and calculating hydro-micas. The old slatenorm, on
the other hand, does not lead to meaningful, sometimes negative results.

Nigeria Germany Spain USA World

Shale: Roof  Roof Roof Phyl-lites:  Pierre Ave-rage sedi-
Abaka- slates: slates: slates:S. Pol Lugo shale C870 men-tary rock

bili  Altlay Magog PedrodeT. green [7, 35] after [5, 34]

a3 78 32 32
SiO, 48.4 56.2 53.1 52.3 58.1 59.7 59.7
TiO, 1.7 1.0 0.8 1.2 1.0 0.6 0.0
AlLO5 315 20.6 16.1 22,5 20.0 15.4 14.6
Fe,03 35 0.8 1.6 1.4 21 4.6 4.8
FeO 0.0 6.6 4.7 7.0 5.0 1.0
MnO 0.0 0.2 0.1 0.1 0.1 0.2 0.0
MgO 0.6 2.7 3.4 29 3.4 21 2.6
CaO 0.0 0.7 5.9 0.4 0.4 15 4.8
Na,O 1.0 0.8 1.0 1.3 1.9 11 0.9
K,0 7.8 3.9 3.4 3.6 4.3 25 3.2
P,05 0.0 0.1 0.1 0.3 0.1 0.2 0.0
Non-carbonate C 0.3 0.4 0.5 0.7 0.0 0.0 0.0
CO, 0.0 0.7 4.4 0.2 0.3 0.9 4.7
H,0+ 6.4 4.5 3.9 4.2 35 85 3.4
S 0.0 0.2 0.4 0.1 0.1 0.6 0.0
z 101.2 99.2 99.4 98.1 100.2 98.7 98.7
Fe,03/FeO 0.12 0.33 0.20 0.42 4.75

Table 3.
Seven exemplary full chemical analyzes [5, 7, 33-35].
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Nigeria Germany
Shales: Abakabili Roof slates: Altlay Roof slates: Magog

slatenorm slate- slatenorm slate- slatenorm slate-
I —II pu I calc. 711 v 1 calc. 711 . calc..
Quartz 10.4 103 10.4 4.2 3.0 31.0 31.3 30.5 278 27.8 27.8 27.3
Feldspar 0.2 0.2 0.2 15.1 0.0 0.0 0.0 0.0 06 0.6 0.6 3.4
Mica 785 765 785 252 429 429 429 388 409 409 40.9 31.6

Hydro- 0.0 0.0 0.0 47.4 0.0 0.0 0.0 6.2 0.0 0.0 0.0 7.8

mica

Fe chlorite 5.8 5.7 6.1 0.0 123 10.8 13.0 11.2 88 88 88 6.3

Mg chlorite 1.5 1.4 1.5 1.3 68 69 73 7.0 79 79 79 7.9

Chlorite 7.3 7.0 7.6 13 19.0 17.8 20.3 18.2 16.6 16.6 16.6 14.2

Carbonates 0.0 0.0 0.0 0.0 14 14 14 1.4 101 10.1 10.1 10.1

Pyrrhotite 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Pyrite 0.1 0.1 0.1 0.1 04 04 04 0.4 07 07 07 0.7

Sulfides 0.1 0.1 0.1 0.1 04 04 04 0.4 07 07 07 0.7

Ti mineral 17 17 17 6.5 1.9 19 19 2.7 14 14 14 29

Ore 1.7 1.7 1.7 6.5 23 23 23 3.0 21 21 21 37
minerals

Chloritoid 0.0 00 0.0 0.0 0.0 29 0.0 0.0 0.0 0.0 0.0 0.0

Aqua 21 21 21 2.5 04 03 0.2 0.3 02 02 02 0.4
= 100.5 100.2 1009 1027 977 991 99.1 992 991 991 991  99.3
Spain
Roof slates: Phyllites: Pol Lugo green
San Pedro de T.
slatenorm slate- calc. slatenorm slate- calc.
I I GV I I GV

Quartz 24.7 24.6 25.0 25.8 23.7 23.7 23.7 24.8
Feldspar 0.0 0.0 0.0 0.0 9.3 9.3 9.3 9.3
Mica 46.7 46.7 46.7 46.7 46.9 46.9 46.9 46.9
Hydro-mica 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fe chlorite 13.6 12.2 14.3 11.9 10.3 10.3 10.3 7.05
Mg chlorite 7.6 7.8 8.1 8.4 7.4 7.4 7.4 7.4
Chlorite 21.1 20.0 22.5 20.3 17.7 17.7 17.7 14.5
Carbonates 0.5 0.5 0.5 0.5 0.7 0.7 0.7 0.7
Pyrrhotite 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0
Pyrite 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2
Sulfides 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.2
Ti mineral 2.2 2.2 2.2 3.6 1.8 1.8 1.8 3.7
Ore minerals 2.4 2.4 2.4 3.8 2.0 2.0 2.0 4.1
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Spain
Roof slates: Phyllites: Pol Lugo green
San Pedro de T.
slatenorm slate- calc. slatenorm slate- calc.
I II GV I II GV
Chloritoid 0.0 2.9 0.0 0.0 0.0 0.0 0.0 0.0
Aqua -0.3 -0.4 -0.5 0.3 —-0.6 -0.6 -0.6 -0.3
z 96.5 97.9 97.9 98.0 99.9 99.9 99.9 100.2

Table 4.
Results of a comparison of all versions of slatenorm and slatecalculation (analysis from Table 3) [33].

In the German roof slates, too, slatecalculation results in the hydro-micas illite
and brammallite, which also lead to lower chlorite values. The appearance of
chloritoid in slatenorm version II in the roof slates from Altlay/Germany and San
Pedro de T./Spain, which actually do not contain this mineral, shows that this version
is incorrect. There are differences in ore minerals including titanium minerals
between the results of slatecalculation and all versions of slatenorm. Slatecalculation
determines additional minerals, such as pyrrhotite pn and titanomagnetite tm, with
the additional consideration of Fe,O3. This leads to higher ore mineral values. At the
same time, the Fe chlorite values are lower (fc and fac).

Due to the natural variability of chlorites and the use of standard minerals, such as fc
and mc, which do not actually occur as end links in nature (Figure 1), the results of both
standard mineral calculations should only be given as sums (chlorite = mac +
mc + fac + fc), possibly divided into Fe-chlorite (= fac + fc) or Mg-chlorite (= mac + mc).

The “Grundversion” of slatenorm works better than the other two versions I and II
and is therefore preferable. The more complex calculation of slatecalculation leads to
better values than slatenorm, especially when hydro-micas are calculated.

8. Applications (slatenorm and slatecalculation)

Slatenorm (later slatecalculation) was originally developed as a method of deter-
mining the mineral content to assess the suitability of the rock as a roofing slate. For this
purpose, more than 360 analyses were carried out similar to [20] based on practical
experience in normal, oxidizing, occasional oxidizing and carbonate slate, and also in
high carbon content-slate with carbonate and hard slate divided. There are also shale
and phyllite/schist. For reasons of clarity, not all types in [9] are to be treated.

Additional results will be added in ref. [33]. The nine samples of the group “oxi-
dizing slates” are actually only errors in the selection during the extraction or manu-
facture of “occasional oxidizing slates” (17 samples). As far as all other properties are
concerned, it is a normal slate (see Figure 2). The 94 samples of the group “high
carbon content- slates” are also normal slates, but with a no carbonate carbon content
of over 1%. EN 12326 [36] excludes roofing slate with a content of more than 2%.

Cardenes et al. [26] summarized the cleavage and perforability of roofing slate in a
diagram of rigid (= standard minerals: qz + an + ab + or = Quartz and Feldspar) and
elastic minerals (= standard minerals: mu + pa + ill + br + mac + mc + fac + fc = Mica,
Hydro-mica and Chlorite). However, the classes “soft,” “medium hard,” “hard,” and
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Figure 2.
Diagram showing the ratio of rigid to elastic minerals, calculated with slatecalculation, with changes according to [26].

“very hard” listed there are imprecise. The reasons for these properties are not always
related to the rigid mineral content and especially the quartz content. The determina-
tion of the quartz content remains an important prerequisite for the evaluation of a
roofing slate deposit.

The class boundaries in Figure 2 (gray lines) provided in ref. [26] should be
corrected. Some slates with carbonate that can be processed normally fall into the wrong
class there (there is medium-hard). Obviously, the good cleavability of the carbonates
or, to a lesser extent, the feldspars or chloritoids have to be included in the assessment.
This leads to new class boundaries in Figure 2 (black lines). There is a narrow field
between the classes “normal” and “hard” in which slates of both classes occur. In
Figure 2, some slates from the groups’ carbonate slate, high carbon content-slate,
phyllite/schist, and shale have been assigned the properties hard or normal.

The phyllosilicates calculated in slatecalculation (after [9]) show a total mica
content from usually above 40% (up to a maximum of 60%) and a chlorite content
from more than 10% (up to a maximum of 25%) in normal slates (Figure 3). Only for
samples with higher carbonate (“carbonate” and “with carbonate”) or higher carbon
(“high carbon content”), are the proportions lower. The ratio of mica (mu + pa +ill +
br) to chlorite (mac + mc + fac + fc) is 3 to 1. In “normal” slates, the Fe-chlorites
content (fac + fc) outweighs the Mg-chlorites content (mac + mc). The calculated
proportion of hydro-micas (ill and br) could reflect (in addition to the Kiibler index or
the organic matter reflectance [37, 38], Figure 4) the degree of metamorphism in
most of the samples.

That is why, phyllites always have hydro-mica values of 0% in the calculation outputs.

The slates of the Iberian Variscides also show very low positive percentages of
hydro-micas, while slates from the Central European Variscides (Ardennes and
Rhenohercynian zone) have a lower metamorphic grade and show higher values of
hydro-micas (Figures 3 and 4).
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metamorphic  illite Kiibler-index norm minerals  coal rank, Random %
grade (KI) hydro-micas vitrinite
in Mass-% (+/-3) reflectance
sedimentation
diagenesis i
bituminous
(KI>0,42°A20) 2 coal
¢ } ........... 20,
wy  AAANA L _ semi-antracite
low anchizone E ®O | L _ 25
grade (KI=0,42-0,25°420) = g I'Eﬂ e anthracite
o $im3| = 4,05,0
B PE5jg® """~ --Tooc
low epizone v @ ;-% g3 _=§ meta-anthracite
(Kl <0,25°420) ® JEEIs 2=
irede © 4279525  graphite
L S8saEE,
. ] m‘:.g_p-u do
middle P
shales Fop
OB
: b orh¥
high w RS
0P
slates )

Figure 4.
Methods for determining the grade of metamorphosis (according to [9, 33, 38, 39]).

9. Discussion

Correspondences between the standard methods for sediments (SEDNORM,
SEDMIN, PELNORM, subsection 4) on the one hand and slatenorm and slatecal-
culation, on the other hand, are to be expected. As Tables 5 and 6 shows, however,
these are low. There are rather clear differences.
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Nigeria Germany
Shales: Abakabili Roof slates: Altlay Roof slates: Magog

Slate- slate- SED- SED-  Slate- slate- SED- SED- Slate- slate- SED- SED-

norm calee MIN MIN* norm cale MIN MIN* norm calec. MIN MIN*
Quartz 10.4 4.2 -11.1 0.2 313 31.0 27.0 32.7 27.8 27.3 28.4 28.4
Anorthite 0.0 0.0 0.0 0.0 0.5 0.5
Albite 0.0 51 8.6 8.6 0.0 0.0 6.9 6.9 01 2.9 8.1 8.1
K-spar 0.0 9.78 32.0 5.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Feldspar 0.2 0.2 0.2 151 0.0 0.0 6.9 6.9 0.6 3.4 8.1 8.1
Muskovite 66.0 25.2 32.8 29.6 29.1 25.5
Paragonite 12.6 0.0 10.1 9.1 15.9 15.9
Sericite 785 25.2 0.0 49.7 42.9 38.8 30.6 30.6 40.9 316 24.6 24.6
Illite 39.7 13.2 13.2 4.7 3.8 3.8 5.5 7.6 7.6
Brammallite 7.7 15 2.3
Hydro-mica 47.4 13.2 13.2 6.2 3.8 3.8 7.8 7.6 7.6
Mica+Hm. 78.5 72.7 13.2 13.2 42.9 45.0 343 343 40.9 39.4 32.2 32.2
Chlorite 7.6 13 0.7 0.7 20.3 18.2 9.1 9.1 16.7 14.2 12.2 12.2
Calcite 0.0 0.0 0.9 0.9 0.4 0.4 0.0 0.0 10.1 10.1 8.8 8.8
Dolomite 0.0 0.0 0.0 0.0 1.0 1.0 1.6 1.6 0.0 0.0 0.7 0.7
Ferro-Dolo. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum 0.0 0.2 11 11 2.0 2.0
Pyrite/Pn. 0.1 01 0.0 0.0 0.4 0.0 0.0 0.0 0.7 0.7 0.0 0.0
Rutile 17 0.0 0.8 0.6 0.0 0.0 0.8 1.0 0.0 0.0 0.8 0.8
Titanomagn. 6.5 1.6 2.9
Ilmenite 0.0 0.0 1.9 0.0 1.4
Hematite 0.0 2.8 2.6 0.0 0.0 6.5 6.5 0.0 4.5 4.5
Limonite 0.2 0.0 0.1
Apatite 0.0 0.0 0-0 0.0 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3
Smectite 0.0 0.0 0.0 0.0 0.0 0.0
Kaolinite 55.1 18.3 12.5 0.0 0.0 0.0
Phyllosilic, 86.2 74.0  69.0 81.9 63.2 63.2 55.8 43.4 57.6 53.6 44.4 44.4
Aqua 21 25 0.2 0.3 0.2 0.2
z 100.4 1023 103 100.8 98.7 97.6 100 93.4 98.6 98.8 98.0 98.0

Spain
Roof slates: S. Pedro de T. Phyllites: Pol Lugo green
Slate- slate- SED- SED- MIN Slate- slate- SED- SED- MIN
norm calc. MIN * norm calc. MIN *

Quartz 25.0 25.8 15.6 26.4 23.7 24.8 20.1 24.4
Anorthite 0.0 0.0 0.0 0.0
Albite 0.0 0.0 10.9 10.9 9.3 9.3 16.3 16.3
K-spar 0.0 0.0 5.9 0.0 0.0 0.0 71 0.0
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Spain
Roof slates: S. Pedro de T. Phyllites: Pol Lugo green
Slate- slate- SED- SED- MIN Slate- slate- SED- SED- MIN
norm calc. MIN * norm calc. MIN *
Feldspar 0,0 0.0 16.9 10.9 9.3 9.3 23.4 16.3
Muskovite 30.8 30.8 36.6 36.6
Paragonite 15.9 15.9 10.2 10.2
Sericite 46.7 46.7 19.6 28.1 46.9 46.9 22.0 322
Ilite 0.0 4.5 4.5 0.0 7.4 7.4
Brammallite 0.0 0.0
Hydro-mica 0.0 4.5 4.5 0.0 7.4 7.4
Mica+Hm. 46.7 46.7 24.1 32.6 46.9 46.9 29.4 39.6
Chlorite 22.5 20.3 10.6 10.6 17.7 14.5 12.6 12.6
Calcite 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Dolomite 0.2 0.2 0.4 0.4 0.7 0.7 0.2 0.2
Ferro-Dolo. 0.4 0.3 0.0 0.0 0.0 0.0 0.0 0.0
Gypsum 0.4 0.4 0.5 0.5
Pyrite/Pn. 0.1 0.1 0.0 0.0 0.2 0.2 0.0 0.0
Rutile 0.0 0.0 0.8 1.2 0.0 0.0 0.8 1.8
Titanomagn. 27 3.7
Ilmenite 22 0.9 1.8 0.0
Hematite 0.0 7.3 7.3 0.0 5.3 53
Limonite 0.0 0.0
Apatite 0.6 0.6 0.6 0.6 0.3 0.3 0.3 0.3
Smectite 10.6 10.6 0.0 0.0
Kaolinite 23.6 0.0 9.2 0.0
Phyllosilic. 69.2 67.0 68.9 53.7 64.6 61.4 51.2 522
Aqua -0.5 -0.3 —0.6 -0.3
z 97.7 971 110.5 100.9 99.9 100 101.8 100.9

Table 5.
Comparison of the results from slatenorm, slatecalculation and SEDMIN. * = TiO, (kaolinite) = o, ** = TiO,
(kaolinite) = 1.1. Empty fields = not calculated.

In Table 5, the five examples from Table 3 are calculated using the specified
methods. Table 6 contains the standard mineral results of two further examples in
Table 3 from the literature given there. Standard minerals remain, which are not
calculated and are marked as gaps in Tables 5 and 6. In SEDNORM, SEDMIN, and
PELNORM, the clay minerals kaolinite (2SiO, Al,03 0.05TiO, 2H,0, Mol. Wt of
mineral: 262.15, according to ref. [6]) and smectite (4SiO, Al,O; 0.1Na,0O 0.1Ca0O 10.9
H,0: 550.46 of mineral: 550.46 of mineral, according to ref. [6]). In contrast to the
other methods, a distinction is made in slatenorm and slatecalculation between Na and
K mica or Na and K hydro-mica. In the other methods, on the other hand, only K mica
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USA World
Pierre shale Average sedimentary rock after
[5, 34]

Slate-  slate- SED- PEL- PEL- Slate- slate- SED- SED-

norm calee. MIN NORMM NORMN norm calee. MIN NORM*
Quartz 39.0 34.8 41.9 23.4 26.2 38.1 37.0 39.3 35.3
Anorthite 11 11 0.6 0.0
Albite 0.0 0.0 8.6 8.6 0.0 0.6 4.8 7.6
K-spar 0.0 0.0 0.0 0.0 3.7 0.0
Feldspar 11 11 9.2 2.6 5.4 12 8.4 7.6 7.8
Muskovite 211 0.0 27.1 11.8
Paragonite 12.6 0.0 27.1 0.0
Sericite 34.5 0.0 211 37.3 11.8 25.3
Illite 313 0.0 30.4 27.8 15.0 3.0 33.0
Brammallite 20.3
Hydro-mica 51.6 30.4 27.8 21.2 3.0 33.0
Mica+Hm. 34.5 51.6 211 30.4 27.8 373 33.0 283 33.0
Chlorite 14.3 0.0 6.4 11.4 4.0 7.0
Calcite 2.0 2.0 0.0 6.4 6.4 6.7 8.8
Dolomite 0.0 0.0 2.4 3.9 3.9 3.5 1.8
Ferro-Dolo. 0.0 0.0 0.0 0.0 0.0 0.0
Carbonate 2.0 2.0 2.4 3.6 22 10.4 10.4 10.2 10.6
Gypsum 3.0 2.6 2.2 0.0
Pyrite/Pn. 1.0 1.0 0.0 0.0 0.0 0.0
Rutile 0.6 0.0 0.6 0.0 0.0 0.0
Titanomagn. 2.3 0.0 0.0
IImenite 0.0 0.0 0.0 0.0
Hematite 0.0 4.6 0.0 3.6 5.0
Limonite 3.7 53
Apatite 0.4 0.3 0-3 0.0 0.0 0.0 0.0
Smectite 0.0 33.0 28.0 0.0 0.0
Kaolinite 0.0 3.0 2.6 0.0 7.2
Clay mineral 0.0 36.0 30.6 0.0 7.2
Phyllosilic, 48.8 51.6 27.4 68.6 59.8 48.7 37.0 35.2 40.2
Aqua 5.3 5.3 0.4 0.6 1.0
= 96.1 1022 89.4 100.8 95.8 98.8 98.7 95.8 99.9

Table 6.

Comparison of standard calculation vesults taken from the literature (SEDNORM [5] and PELNORM [7]) with
own calculations according to SEDMIN [6], slatenorm, and slatecalculation. M = modal mineral inventory,
N = calculated [7], * = 6, 7 in Table 6 in [5]. Analyzed from Table 3.
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(muskovite) or illite is calculated. PELNORM [7] only considers a small proportion of
Na,0 in the formula for illite (0.025Na,0 0.30K,0 Al,O3 0.2MgO 0.125Fe, 05
3.40Si0, Mol. Wt of mineral: 374.17). SEDMIN uses the very low TiO, content in the
above chemical formula (only 0.05 in 2Si0, Al,O3 0.05TiO, 2H,0!) to calculate
kaolinite. This leads to high kaolinite contents in phyllites and slates, where this
mineral is not even present (Table 5).

As mentioned in ref. [9], the Abakabili shale (Table 5) may contain a small
amount of clay minerals. In the literature [40], the main component is illite with
30-38%, smectite/montmorillonite with 20-30%, quartz with 28-30% (instead of 11%
in Table 5), and kaolinite with only 15-25% (instead of 55% in Table 5).

There are often TiO, minerals such as rutile (TiO,), ilmenite (FeO TiO, or
titanomagnetite FeO Fe,05 TiO,) in the group of slates, which in slatenorm and
slatecalculation are consequently calculated as standard minerals ru, ilm, and/or tm.
Using the TiO; in the SEDMIN standard calculation of kaolinite leads to the
excessively high results in Table 5. For this reason, a corrected value of TiO, (if
used to calculate kaolinite: * = 0 ** = 1.1) was used there as an alternative.

SEDNORM and SEDMIN specify the Fe compounds to a large extent as hematite
(Fe,05). However, this mineral is rarely found in shales and slates. Slatenorm and
slatecalculation, therefore, count Fe above all to be monovalent Fe sulfides. Hematite
is only calculated if, in rare cases, the color of the rock is red and not black or green
(see Figure 1in [9]). In Table 6, the mean value of the worldwide sedimentary rocks
is given from the chemical analysis in Table 3 (after [5, 34]). With SEDNORM, only
calculation results are given for which, according to standard mineral calculations,
there are no longer any excess MgO, Na,0, K;O, or CO, (6, 7 in Table 6 in [5]). As far
as the quartz, the carbonates and the sum of the phyllosilicates are concerned, the
methods slatenorm, slatecalculation, SEDMIN, and SEDNORM show sufficient
agreement.

10. Conclusions

There are several suitable methods for calculating a standard mineral inventory of
rock from the full chemical analysis. Among these, the CIPW standard is used, in
particular, when the minerals in igneous rocks are particularly fine-grained or not
crystallized at all.

The new standard mineral calculations presented here slatenorm and slatecal-
culation for fine-grained sediments and very low grade and low-grade metamorphic
rocks have now been added. The method has already proven itself in assessing roof
slates.

In addition to the Kiibler index or the reflectance of coal substances with the
calculated content of hydro-micas (illite and brammallite), the method also provides
information on the degree (grade) of metamorphosis. Further research here seems to
be worthwhile in the future.

A detailed comparison of slatenorm and slatecalculation with the standard
mineral methods for sedimentary rocks, such as SEDNORM, SEDMIN, and
PELNORM, show only a few matches in the results. As far as methodological differ-
ences are overcome, the methods for sediments could be appended to it as further
calculation steps after the calculation of slatecalculation. The residual water aq should
be used as a basis. This requires a new calculation method that has several variants to
choose from.
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Appendix A: flowchart slatecalculation

- Appendix 1:
SO eRITmEC. flow chart of procedures in ,slatecalculation”
Hy0 = L(N- 00y - 5- Cong. =
Conva Wek in Mivop a, b, ¢, ... = conditions in the Excel program
4 1, 2, 3, ... = calculation steps in the program
ap =Py :
€30 = Cs0 3310,
Ca020
Py = POy - 29 =0
2
L S
S=S-pn
i
3
=-1/288
60 = FeO - gt
§=5- 200 = Opt
> s
el
. ot = FeQ e
v - FegDy - =T,
Oy = TiD, - T, = 10, -t Oy =Tk + U = 0
e s o R
| I [
i
8
= T0,
Ty = TO,; -dm =0
Fel =Fed-imed

F20 = F0 - 200y

14-19 w14-19

14:mg = T30 17- dol= gD
u?—m 17:Mg0 = MgO - dol = 0
16.dot=png + e)2 17:Ca0 - Ca0 g0t
17-Ca0 = Ca0 -+ 0l 0 17005 = 0Oy - 2000

=0 18 00 = C30
17 Mg0 -t 18:C30 = Ca0-0C =0
17 G0y = COy - 2000 18:C0, =00, -c0
100 8id = COy 1950 = 00y
10:CO, =00, s =0 19:C0; = COy-2m =0
19 Fe0 = FeO - sxd 28 10 FeO = Fe0 - ze
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+
P . Appendix: )

L5 | flow chart of procedures in ,slatecalculation®
810; = S0, 6 mu

ol w Wy 2 a, b, ¢, ... = conditions in the Excel program
1, 2, 3, ... = calculation steps in the program
(continued)
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B. Program slatenorm

File Edit MNorm Tools Help
Dln(mal =il & lal 2|

Sample ISymlWidlCnlli.lh'ulSiOZ |'rioz |A1203|Fezoa|Feo |MnO|MgD|CaO |Na20|K20 IP205|C(nrg)|COZ |Hzo+|s
1[Valdeol00 |1 |6 3 |1 |57.00 112 2262 145 | 513 004 172 0.18 0.93| 507 0.11 020 | 013 367 0.07
2[Veldeolto |1 |6 3 1 | 59.87 108 19.10 0.81  6.13 0.05 219 045 1.66 376 0.16 0.4 | 029 374 0.07
| 3|vadeol20 |1 |6 3 |1 59.33 101 2058 129 | 518 0.04 172 0.15 071 4.95 0.14 0.19 | 0.11] 3.56 | 0.04
[ 4|valdeol202 1 |6 3 |1 | 59.24) 0.95 21.37 091 | 562 0.05 175 018 074 502 0.11 0.19 | 0.10 379 0.04
_5Va132015|] 1 6 3 |1 62.06 1.04 1693 0.96 | 534 009 2.27 094 164 3.13 034 023 | 070 3.30 0.03
[ 6|valdeo200 1 6 3 |1 | 58.56 102 2150 1.02 | 547 0.04 173 0.1 0.64) 491 011 0.19 | 0.09 401 0.04
| 7|valdeo300 |1 |6 3 |1 |58.55 108 2143 143 | 5.56 0.04 131 0.22 0.65 5.06| 0.25 032 | 0.13 3.52| 0.08
8 [Valdeo80 1 |6 3 |1 | 58.57 0.98 21.38 127 | 584 0.05 1.85 016 071 500 0.12 0.30 | 0.11 346 0.08
_9Va.|3:|19|]|]l 1 6 3 |1 $6.71| 1.02 22.34 165 539 004 1.60| 0.14 065 555 0.11 010 | 0.09 397 0.08
[ 10|valdeos002 1 |6 3 |1 | 5751 101 2176 214 | 520 0.04 1.67 0.1 0.63 519 0.13 0.10 | 0.11 4.10  0.08
| 11|valdeos01 |1 |6 3 |1 5783 104 2168 058 | 652 0.07 197 0.16 108 4.83 0.12 0.10 | 0.10 363 0.10
[ 12|valdeos80 1 |6 3 |1 | 61.09 0.93 19.97 099 549 0.04 1.62 032 079 455 025 042 | 008 322 0.08
| 13|ValdeoLCamp | |6 3 |1 | 61.56 0.89 15.35 190 300 161 257 020 0.26 222 313 0.12
| 14|0scos 5 6 3 1 5879 102 210 218/ 026 115 4.05 0.14) 0.21 | 0.11 359 0.02
| 15|CabreraSotilo 6 6 3 |1 | 51.95 129 2343 288/ 035 1.07 451 043 044 | 011 452 0.20
| l6|CabreraExpiz 6 6 3 |1 | 5579 121 2141 256 032 1.0 3.13 0.25 043 | 0,09 371 0.00
17|ABierzos00 3 6 3 |1 5841 109 .95 029 1.26 3.59 0.21] 029 | 020 4.01 | 021
| 13|CaurelFerdosa 2 6 3 |1 49.32 L14 130 344 0.18 0.68 | 037 495 040
" 15|CaurelPebos 2 6 3 |1 | 56.86 119 307 012 042 | 0.24 392 0AD
| 20|Arias Casayo 2 6 1 |1 | 55.30 : 1.24| 2.94] 0.00 0.00 | 030 432 0.23
| 21|Quroga700 1 6 1 |1 | 5636 1 . 119 3.07 0.5 055 0.18 4.06 0.19

Labell

qz Imu |pu |ur Ial: Im
27.97/42.87/ 11.47 0.00 0.00] ¢~
30.47| 31.80| 15.59) 0.00 3.35 05 0.00 0.37 -0.04) 99.39
31634186 876 0.00) Of........ T 2 0.00 0.00 -0.28 98.72
31.21] 4245 ' ' 195

o o o fou fes |
<A, 2.13) 0.00] 0.25] -0.38] 99.37

:j—;:’jj—:’; SlateNorm.exe is a program that can be =
ws w» requested by mail to svschiefer@yahoo.de. =
30.50| 42.28 O - 172
2705 4653 It will be sent via WeTransfer 65
29.25 43.39 kvd 1| 99.42

2794|4084 1332 000 0.00] 0.00 068 140| 406 9.7 G0d 0.00 001 026 0.19 0.10 198 0.00| 028 -0.50 %72
34.11) 38.48) 974 0.00 0.00 1.08 085 198 315 804 000 0.8 0.00 000 0.15 044 177 0.00 0.00 -0.49| 99.48
3757 21.73 16,33 0.00 242 0.00 0.00 0.00 435 95 000 504 001 000 0.22 0.26 1.69 0.00 0.46 -0.06 98.95
31.38 34.25 14.13) 0.00 0.00/ 0.00 233 476 335 7.48 000 0.02 0.21 0.00 0.04 021 194 0.00 0.32] .0.59 99.59
2171]38.14| 13.20 0.00 0.00/ 1.04 3.53 6.14| 4.26 $.09 0.00 0.25 0.00 0.00| 0.37 048 245 0.00 0.00 -0.27 99.33
26.99) 2647 22.20 0.00] 0,00 1.02 220 398 441 873 0.00] 0.20 0.00 0.00 0.00/ 0.45 230 0.00 0.00] -0.66 98.29
33.47| 30.36] 15.54 0.00 0.00 0.00 443 7.59 | 1.51 2.84 0.00 0.00 0.04 047 039 0.29 207 0.00 0.49 0.06 99.55
22.36) 20.09| 16.03| 0.00 0.00/ 0.00 7.13| 1644 1.04 2.62 0.00 042 039 0.00 0.75 0.68 2.16 0.00 0.42 -0.17 99.57
33.88) 25.96] 14.68 0.00 0.00/ 0.00 6.6 14.22 0.32 075 0.00 0.25 0.28 0.00 0.75 042 192 0.00 0.23 -0.41 99.88
31.18| 24.86 15.29 0.00] 0.00 0,00 596 1446 141 373 0.00 0.03 0.60 0.00 0.43 0.00 0.00 0.00 0.00 0.13| 98.09
33.72| 25.96] 14.68 0.00 0.00] 0.00 6.51] 14.34) 0.44 1.07 0.00 0.24 0.15 0.00 036 0.55 192 0.00 0.35 -0.32 99.96
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Chapter 6

Minerals as Prebiotic Catalysts for
Chemical Evolution towards the
Origin of Life

Yamei Li

Abstract

A transition from geochemistry to biochemistry has been considered as a necessary
step towards the emergence of primordial life. Nevertheless, how did this transition
occur is still elusive. The chemistry underlying this transition is likely not a single
event, but involves many levels of creation and reconstruction, finally reaching the
molecular, structural, and functional buildup of complexity. Among them, one appar-
ent question is: how the biochemical catalytic system emerged from the mineral-based
geochemical system? Inspired by the metal-ligand structures in metalloenzymes,
many researchers have proposed that transition metal sulfide minerals could have
served as structural analogs of metalloenzymes for catalyzing prebiotic redox conver-
sions. This assumption has been tested and verified to some extent by several studies,
which focused on using Earth-abundant transition metal sulfides as catalysts for
multi-electron C and N conversions. The progress in this field will be introduced, with
a focus on the CO, fixation and ammonia synthesis from nitrate/nitrite reduction and
N, reduction. Recently developed methods for screening effective mineral catalysts
were also reviewed.

Keywords: Origin of life, mineral catalysis, CO, fixation, ammonia synthesis,
chemical evolution

1. Introduction

Origins of life remain a mystery for our humankind. The concept of “chemical
evolution” describes a general evolutionary route from the abiotic to the biotic world
through a variety of chemical and physical processes. Kitadai. et al. summarized the
reactions explored in the lab for the chemical evolution (Figure 1). Starting from geo-
logically abundant molecules (e.g., Ny, CO,, H,, PO4, NO;™, HCN, etc.), high energy
input drives the synthesis of small organic molecules as precursors. These small
organic molecules react with each other to form life’s building blocks (e.g., amino
acids, nucleobases, sugars, aliphatic acids, etc.). Subsequently, these monomers
polymerize into functional polymers which assemble into the so-called protocell.
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Overview of the chemical evolution of life, adapted from ref. [1].

As many life’s building blocks are not stable at temperatures higher than 100°C [2],
a geological setting with moderate temperature is considered to be more favorable for
life’s emergence. In addition, a moderate temperature can render the chemical system
a kinetic control that will otherwise only generate the most stable products following
thermodynamics under a high-temperature regime. Kinetic control is required to
form metastable products. There are many challenges in chemical evolution, two of
which are caused by reaction kinetics. First, in the beginning, how geologically abun-
dant inorganic molecules were activated and converted into small organic molecules?
Second, how the chemical reactions are directed towards a high molecular complexity
and product diversity for selectively generating life’s building blocks? In this regard,
catalysis is at the center of chemical evolution. A catalyst lowers the energetic barrier
and enhances the reaction rate of activation of inert molecules. Different catalysts
with tuned surface property and electronic characteristics can regulate the reaction
pathways by adjusting the transition states of the intermediates.

Geological molecules, as the feedstocks of prebiotic synthesis, are typically
chemically inert despite their high abundances. The activation of small geological
molecules, such as H,, CO,, etc., requires redox processes. H, needs to be oxidized
to release the chemical energy while CO, needs to be reduced to synthesize organ-
ics which usually show intermediate valence states of carbon (from +3 to —3) [3].
Similarly, methane (CH,), which was considered to be abundant on the early Earth in
some scenarios [4], needs to be oxidized to synthesize useful organics. Therefore, in
general, redox processes play an important role in chemical evolution.

The importance of redox processes for energy conservation is also reflected
in modern biology, where modern living organisms are relying on enzymes for
catalyzing biochemical reactions and maintaining homeostasis. In particular, redox
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enzymes are important for organisms to harvest energy from geologically available
molecules in their surrounding environments. For example, methanogens convert
CO, and H, into methane, with the generation of proton gradient for ATP synthesis
[5, 6]. Nitrogen-fixing organisms use redox enzyme nitrogenase to reduce N, into
ammonia for N assimilation, which is a 6e”/6H" reaction (N, + 6e™ + 6H" = 2NHj)

[7, 8]. These metabolic reaction pathways were considered to be very ancient based
on phylogenetic analysis, which could have appeared in the last universal common
ancestor (LUCA) [9-11]. Redox enzymes accounting for these reactions highly rely on
earth-abundant transition metals (e.g., Fe, Ni, Mo, etc.) due to the electron-shuttling
property of these metal sites and the relatively high affinity of the d-orbital electrons
with the small molecules. Meanwhile, the interaction between amino acid residuals
from the surrounding peptides and the metallic center, and the ligands in the first
coordination sphere, also plays an important role in the catalytic processes [12, 13].
This includes mediating proton transfers, stabilizing the intermediates through
electronic interaction, etc.

However, before life emerged, it has long been considered that enzymes are too
complex to be readily available. What are the geo-catalysts responsible for activating
small molecules (including C-, N-, and S-related compounds)? Earth owns more than
5700 known species of minerals, with new species being identified every year (e.g.,
https://rruff.info/ima/). Both the variety and relative abundances of minerals have
changed dramatically over the Earth’s history, through various chemical, physical,
and biological processes [14]. To understand the role of minerals in the origin of life,
determining the first place to spawn the first life is an essential question. There are
two dominating and contrasting scenarios of origins of life: those predicting that life
emerged in the submarine, alkaline hydrothermal vent systems where the redox, pH,
and T gradients keep the system far from equilibrium and serve as energy sources for
prebiotic synthesis, as pioneered by Russell, et al. [4, 9, 15-18]; and those predicting
that life emerged within subaerial environments with prebiotic synthesis driven by
UV photolysis pioneered by Sutherland et al. [3, 19-23]. Both of these two scenarios
implicitly emphasize the importance of redox processes for activating inert molecules.
The former scenario proposed minerals (such as sulfides and hydroxides) as key
players, while the latter relies on radicals and solvated electrons for redox conversions.
Recently, an alternative scenario of origins of life in volcanic hot-spring water or the
so-called “land-based pool” scenario was proposed by Damer and Deamer [24-26],
to solve the self-assembly problem for membrane formation in the salty ocean while
allowing condensation/polymerization through wet-dry cycle provided by the fluctu-
ating boundary conditions. This scenario has been testified with self-assembly experi-
ments simulating the hot-spring conditions [25]. Since the role of minerals hasn’t been
explicitly considered in the scenarios by Sutherland et al. and Deamer et al., only the
scenarios involving mineral catalysis (e.g., alkaline hydrothermal vent (AHV) theory,
iron—sulfur world theory by Wachtershduser [27-31]) will be discussed in this chapter.

AHYV theory was proposed based on the notion that the far-from-equilibrium condi-
tion in alkaline hydrothermal vent systems resembles biochemistry in the following
aspects: (1) the large chemical disequilibrium is akin to the conditions the biology tends
to live on and stably maintained through Earth’s geological time; (2) the pH gradient
sustained by the chimney rock wall resembles the chemiosmotic energy conserva-
tion shared by all life forms; (3) the transition metal-bearing mineral walls are rich in
sulfides, which share the similar metal center and sulfur ligands with the modern Ni-,
and Fe-bearing redox enzymes (e.g., carbon monoxide dehydrogenases, hydrogenase,
ferredoxin, etc.) [9], thus could have catalyzed similar chemical conversions; (4) many
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chemoautotrophic microorganisms were discovered in the deep-sea hydrothermal vents

and their metabolism is suggested to be phylogenetically old and energetically fueled by

the chemicals in the vents; (5) different from the acidic type, high temperature hydro-

thermal vents, the low temperature (<120°C), alkaline, lost-city type hydrothermal

vents renders kinetic control and could stabilize biomolecules formed in-situ.
Regardless of the scenarios, minerals have shown special functions in different

types of prebiotic synthesis. Here in this chapter, a special focus will be posted on

the redox catalysis mediated by minerals for the prebiotic synthesis, involving C,

N, S, which are the fundamental elements of life and involved in a variety of redox

conversions.

2. Why a catalytic system is important for prebiotic chemistry?

Before reviewing the state-of-art of mineral-catalyzed organic synthesis, larger
questions here are: (1) Why catalysis is required for chemical evolution? (2) At which
evolutionary period did catalysis begin to play an important role? The emergence of
first life and the subsequent evolution from prokaryotes to eukaryotes all require well-
regulated chemical conversion for efficient energy harvesting, sustainable supply of
building blocks, and maintaining intracellular homeostasis. Eukaryotes developed
more complex energy harvesting organelles that rely on respiration electron transfer
chain and photosynthesis to metabolize with a higher transformation efficiency of
energy and mass [32] (Figure 2). This is essential for maintaining their high cellular
complexity in terms of both structure and functionality by balancing the enthalpy
and entropy [36]. Notably, the enzymes responsible for these chemical conversions
are catalytic, namely, the enzyme catalysts do not change chemically after one
cycle or turnover of reaction, although enzymes indeed need replacement after the

Geo-bioch
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m-:{>¢>-:‘>-:'>

Prokaryotic cell Eukaryotic cell

Geochemistry

Higher complexity in (proto)-metabolism, (cellular) structure - \;a
i
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ﬁeé -iration“
Higher energy transduction efficiency/reaction activity through catalysis

Figure 2.

The scenario of co-evolved catalytic system and life. During the continuous evolution from geochemistry to
biochemistry, and the evolution of eukaryotes from prokaryotes, the gradually evolving catalytic systems serve

as the physicochemical and enevgetic basis for promoting an increased energy transduction efficiency and
reaction activity for supporting the higher complexity of (proto-)metabolism or (cellular) structures. Schemes of
prokaryotic and eukaryotic cellular structures are adapted from Ref. [33]. Schemes for the electron transfer chains
in photosynthesis and respiration ave adapted from Ref. [34] and Ref. [35], respectively.
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expiration of their lifetime. This catalytic feature is essential for boosting the reaction
kinetics, saving energy for re-synthesizing enzymes, adapting to different substrate
conditions, reversibly promoting both the two directions of the reaction, and so on
[37]. As a comparison, in a non-catalytic, stoichiometric reaction, the active species
that reacts with the geochemical substrates to target organics end up with a change

in their chemical structures in an irreversible manner. After the complete consump-
tion of the active species, the reaction can no longer proceed. From a top-down

point of view, the prebiotic chemistry probably needs to evolve towards a catalytic,
sustainable type of reaction network, to solve the problem of the shortage of supply
of the building blocks/precursors, promote the reaction kinetics, and finally become
self-independent when being encapsulated in a protocell. However, it should be noted
that, at the initial stage of prebiotic synthesis, both catalytic and stoichiometric
reactions are important for the synthesis of organic molecules to accumulate these
organic precursors for subsequent conversion. As will be shown later, a large portion
of prebiotic syntheses to date have been focusing on a stochiometric type reaction,
therefore, relying on active agents. However, for some reason, the term “catalyst” has
been used occasionally and misleading. In the following session, special care will be
paid to differentiate the “catalytic” and “stoichiometric” types of reaction.

3. Minerals promote the prebiotic synthesis
3.1 Carbon fixation and C-C bond formation

Miller-Urey experiments open up the whole field of prebiotic chemistry [38].

At that time, the early Earth atmosphere was considered to be reducing and mainly
composed of reducing species, such as methane, H,, CO, NH;, etc. However, this has
been questioned, and the current consensus is that the early Earth atmosphere was
oxidizing, with CO,, Ny, and H,O as the major components, with a trace amount of H,
[39]. Based on this, a chemoautotrophic scenario pioneered by Wiachtershiuser was
proposed [27-31]. The chemoautotrophic origin of life scenario relies on primordial
carbon fixation within a sulfide-rich hydrothermal vent. Driven by the reducing
energy and activation ability of carbon monoxide (CO), many types of reactions were
demonstrated. For example, at 100°C, C-C bond formation with the generation of
acetate proceeds on FeS and NiS from a mixture of CO and CH;SH, or from a mixture
of CO and H,S alone with the addition of Se [27]. This reaction resembles the reduc-
tive acetyl-coenzyme A (acetyl-CoA) pathway, where the key enzyme, acetyl-CoA
synthase, contains a Ni-Fe-S active center and forms acetyl-CoA from coenzyme A,
CO, and a methyl group. CO was also demonstrated to promote the reductive polym-
erization of HCN to a-hydroxy acids and a-amino acids at 80 ~ 120°C on FeS or NiS
precipitates [29], where glycine and alanine were formed accompanied by glycolic
and lactic acid. The polymerization of amino acids into short peptides was also
demonstrated by CO activation [28]. In these experiments, high-pressure CO gas was
used (1~ 75 bar) [29].

Based on the modeling of the atmosphere in the late Hadean period [39], the most
abundant abiotic carbon feedstock on the early Earth is carbon dioxide (CO,), with a
trace amount of CO. Therefore, for the autotrophic origin of life scenarios, CO, was a
more preferable and primary carbon source for primordial biosynthesis. CO, dis-
solved in the ocean and resulted in a mildly acidic ocean (pH ~ 5.5) [40]. Compared
to CO, CO; is a chemically inert molecule that requires high activation energy. The
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acetyl-CoA (AcCoA, or Wood-Ljungdahl) pathway is considered to be the most
ancient autotrophic CO, fixation pathway in nature [41]. To answer the question of
how CO, reduction occurs before the evolution of proteins, CO, reduction has been
demonstrated by Varma et al. [42], that native transition metals (Fe%, Ni°, and Co°)
can reduce CO; to acetate and pyruvate in millimolar concentrations. Moreover, in
the AHV theory proposed by Russell and colleagues [9, 15, 18], the carbon fixation
was driven by the direct redox coupling of CO, and H, on metal sulfides or oxyhy-
droxides [16]. Later, Lane and Martin [43, 44] also discussed the plausible relevance
of the pH gradients in membrane-separated alkaline hydrothermal vent systems
with the H" gradients across the cell membranes that drive ubiquitous chemiosmotic
coupling in all life forms. This scenario was approved in recent work by Sojo et al.,
that in a microfluidic system with a freshly precipitated thin Fe-, or Ni-sulfide
mineral membrane, CO, in simulated sea water side was reduced to formate at
several micromolar yield [45]. The reaction was likely promoted by pH gradient as
evidenced by the boosted yield with increased pH gradient. This shows that CO, was
reduced by Fe or Ni sulfide, probably through an electrochemical process coupled
with the oxidation of H,.

Inspired by Russell’s AHV origin of life theory, in the past decade, an alterna-
tive scenario “geo-electrochemical driven carbon fixation” has been explored
by Nakamura, Yamamoto, Kitadai, and their colleagues [46-55]. This theory is
based on the pH, redox, and thermal gradients between the alkaline hydrothermal
vent and seawater. Those gradients thermodynamically drive the redox conver-
sions by coupling H, oxidation in the hydrothermal fluid/mineral interface with
CO; reduction at the seawater/mineral interface. The experimental results show
that CO, was effectively reduced to CO on certain types of sulfide, such as Ag,S
and CdS [53], with much higher efficiency than FeS and NiS despite their higher
geological abundances [48, 53]. The product selectivity highly depends on the
identity of the metal in the sulfide minerals. Using the CO gas generated by elec-
trochemical reduction, many reactions that were reported in Wachtershauser’s
experiments were confirmed [53]. Since the disequilibrium and gradients in the
deep-sea hydrothermal vent system can be maintained throughout the Earth’s early
history, the geo-electrochemical CO, reduction provided a stable and sustainable
source of CO which could have fueled the prebiotic synthesis. By simulating the
geo-electrochemical conditions of alkaline hydrothermal vents, other researchers
also reported CO, reduction to a variety of products, including formate [49, 53],
acetate [49], methane [48, 52], pyruvate [49], C,H¢ [52], methanol [49] on Fe- or
Ni-containing sulfides.

Regarding the reaction mechanisms, relevance with biological enzymes has been
suggested. In biology, the enzyme catalyzing the reduction of CO, to CO is carbon
monoxide dehydrogenase (CODH) with a [NiFe,S4] cluster [56]. The reaction is
considered to be the oldest pathway of biological carbon fixation and therefore may
have been involved in the origin of life [9, 10]. Yamaguchi et al. first studied two metal
sulfides greigite (Fes;S,) and violarite (FeNi,S;) and found that Ni-bearing sulfides
show higher efficiency in reducing CO, [48]. Further, Lee et al. reported the in-situ
FTIR spectroscopic analyses of the surface intermediate during electrochemical CO,
reduction on these two minerals [52]. Intermediate species assignable to surface-
bound CO, and formyl groups were found to be stabilized in the presence of Ni,
lending insight into its role in enhancing the multistep CO, reduction process. These
researches suggested an evolutionary link between mineral-catalyzed prebiotic reac-
tion and enzyme-catalyzed biochemical reaction.
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3.2 Nitrogen fixation

The most geologically abundant N source on the early Earth is dinitrogen (N;).
This molecule is chemically inert because of the stable N = N triple bond. Under
high-temperature conditions, N, can be reduced hydrothermally to ammonia,
where reductants were considered to be abundant H,S [57] or sulfide minerals.
The yield of ammonia using H,S as the reductant at low temperature (120°C) is
relatively low even with iron monosulfide as the catalyst and is considered to be
insufficient for providing ammonia for prebiotic synthesis. On the other hand,
there have been accumulating reports on electrochemical reduction of N, on Fe,03
[58-60], or FeS [61], CuS [62-64], Mo sulfides [65, 66] at ambient temperature
and pressure. These types of reactions could contribute to the prebiotic synthe-
sis of ammonia, following the geo-electrochemistry-driven prebiotic synthesis
scenario.

Another chemically more active form of inorganic N species on the early Earth is
nitrogen oxyanions including nitrate (NO;") and nitrite (NO,"). These compounds
were formed by lightning and photochemical processes of atmospheric N, and CO,
with subsequent hydration during rainfall. This could lead to the accumulation of
these nitrogen oxyanions in the early ocean with a concentration of micromolar
level that is expected to be sufficient for serving as high-potential electron acceptors
for the emergence of life in the oceanic environment [67]. NO;™ and NO,™ are high-
potential electron acceptors (E°(NO;/NO,") = 0.835 V vs. NHE (normal hydrogen
electrode), E°(NO, /NO) = 1.202 V vs. NHE) [68]. These electron acceptors are
invoked to participate in redox coupling with the oxidation of reducing species, such
as methane [17], for the synthesis of active methyl-bearing species such as Acetyl-
CoA-like molecules.

Despite their relatively higher reactivity, the reduction of NO;™ is still kinetically
demanding due to the low chemical affinity and low complexation ability with
metal sites. Therefore, industrial reduction of NO; typically requires relatively
harsh conditions, such as very acidic pH, UV-photolysis, or high temperature [69].
Fe-based species have been extensively studied for ammonia synthesis via reduc-
tion of NO;™ and NO,". These include mackinawite (FeS) [70, 71], Fe** [72, 73],
pyrite (FeS,) [74, 75], and green rust (Fe',Fe",(OH)1,804,-yH,0) [76]. Fe(II) ions
and green rust can reduce nitrite to ammonia at neutral to alkaline pH (pH > 7)
[73, 77]. Although Fe(II) cannot reduce nitrate, the addition of a trace amount of
Cu”* enables the generation of ammonia at pH 8 [77]. Green rust and pyrite can
also reduce nitrate into ammonia at pH ~8, which however requires an anion-free
environment due to the strong competing adsorption effect from many types of
anions [74, 76]. Moreover, the reduction ability of Fe(II) and green rust decrease
upon decreasing the solution pH to acidic pH [73, 76]. Therefore, this reaction
could have consumed ferrous ions in the ocean. In high temperature (300°C), high
pressure (50 ~ 500 MPa) hydrothermal setting, a variety of minerals (Fe-, Ni-,
Cu-sulfides, and magnetite) can reduce nitrate into ammonia [78] and the ammo-
nia is maintained stably in contact with these minerals. Accordingly, it was argued
that the hydrothermal vent system could have supplied sufficient ammonia for the
prebiotic synthesis of biomolecules, such as amino acids. However, at the same
time, these mineral-promoted reactions are stoichiometric and strongly affected by
the presence of other ions and low pH [73, 76].

Metals other than iron have rarely been considered to account for the geochemi-
cal reduction of nitrogen oxyanions. Nevertheless, biological nitrate reduction is
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catalyzed by nitrate reductase enzyme. All types of nitrate reductases exclusively
utilize mononuclear molybdenum as the active center which is bounded by one or
two dithiolene groups (-S-C-C-S-) ligated to a pterin group and other ligands (oxo,
water, sulfur, etc.) [79, 80]. Inspired by the enzyme structures, the bio-inspired
mineral catalysts provide another approach to tackle the kinetic problem. An
oxo-bearing molybdenum sulfide as a structural analog of nitrate reductase was
synthesized using the hydrothermal method. Notably, this mineral catalyzes both
nitrate and nitrite reductions at a wide range of pH, with the generation of a variety
of products, including NO, N,0, NH,*, and N, [51, 69]. The reaction mechanism

of nitrate reduction resembles that of the enzyme, relying on a redox-active, pen-
tavalent [(Mo"=0)S,] species as the active intermediate. This species was likely
generated by a concerted proton-coupled electron transfer step, as evidenced by the
near Nernstian behavior revealed by the pH dependence [69]. During nitrite reduc-
tion, this mineral show ability to decouple the proton transfer with electron transfer,
facilitating a pH-regulated reaction selectivity towards the N-N coupling process [81,
82]. Therefore, this study shows that minerals can not only catalyze a similar reaction
with the enzyme but also share a similar reaction mechanism, therefore reinforcing
the evolutionary link between geo- and biochemistry.

3.3 Prebiotic S chemistry

Thioesters (R-(C=0)-SR’) are organics with high energy (C=0)-S bonds and
was invoked to act as an alternative and prebiotic version of phosphoesters (such as
ATP) to drive endergonic reactions coupled with the hydrolysis of (C=0)-S bond.
The reasons are as follows as described in a recent paper [83]: (1) both thioester
and phosphoester bonds have similar standard free energies of hydrolysis; (2) the
thioester synthesis precedes the synthesis of phosphoesters in metabolism, such as
in glycolysis and the Wood-Ljungdahl pathway; (3) based on computational stud-
ies employing network extension algorithms to a phosphate-free core metabolism,
thioesters can promote similar reactions like phosphoesters through energetic
coupling, for example, reductive TCA cycle and biosynthesis of amino acid [84].

In addition, using thioester as a prebiotic energy coupling agent can partially solve
the problem of the scarcity of phosphate in the ferruginous Archean ocean [85]
despite the presence of other reactive P sources (e.g., phosphite) [86]. Researchers
have reported the synthesis of thioester by abiotic processes. Driven by active

CO, at 100°C, the Wichtershiuser group reported C-C bond formation with the
generation of CH;-CO-SCHj thioesters proceeds on FeS and NiS from a mixture of
CO and CH;SH [27]. Sandan et al. reported the generation of thioester by reacting
of thioacetate and thiols in presence of Fe** at 70°C in water [83]. In addition, by
further adding ferredoxin—heme maquettes, [4Fe-4S] cluster was formed based on
the characteristic UV-Vis absorption band at 384 and 447 nm. This process also
generates iron sulfide minerals. Recently, Kitadai et al. demonstrated the synthesis
of S-methyl thioacetate (MTA) synthesis from CO and methanethiol on NiS at room
temperature at neutral pH [54]. NiS was partially reduced to Ni under simulated
geo-electrochemical conditions. This partially reduced Ni’/NiS mixture catalyst is
important to accumulate surface-bound CO by electro-reduction of CO,. CO accu-
mulation process on Ni’/NiS surface was crucial for subsequent thioester formation
in early ocean hydrothermal systems. The pH and temperature conditions are mild
and geologically plausible.
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4. Prebiotic catalyst screening
4.1 Availability of metals in the Hadean ocean

It is not surprising that many bio-essential metal elements are also Earth-
abundant, considering the high reliance of the biosphere on the geosphere. These
include mainly d-block elements (vanadium (V), chromium (Cr), manganese (Mn),
iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), molybdenum (Mo), tungsten (W),
and zinc (Zn)) and exist in numerous oxidation states and be bonded by various
ligands (O, S, etc.) with varied crystal structures and stoichiometries in minerals. The
variety and relative abundances of minerals evolve with the Earth’s history and also
depend on the geological type of the locality [14]. In the ocean, changes in elemental
abundances on geological time scales are intimately linked to evolutionary processes
[87]. The availability of soluble transition metals changes progressively with time,
with the greatest change in the redox-sensitive elements. However, this has provided
environments enriched with an immobilized form of minerals, which would have
provided the active surface for promoting prebiotic organic synthesis. The redox state
of the environment evolved through at least three stages (adapted from ref. [87]),
with major oxygenation events occurring ~2.4 billion to 1.8 billion years ago during
the first of these stages, the ocean was largely devoid of dissolved O,, and iron was
abundant in the form of dissolved Fe** complexes. Much of the sulfur at that time was
in the form of insoluble sulfide minerals locked in the continental crust. Besides Fe,
the ocean abundances of transition metals such as manganese, cobalt, nickel, copper,
zinc, and molybdenum are sensitive to environmental redox conditions, and also
precipitate as sulfide minerals.

The scarcity of many bio-essential transition metals due to precipitation as
insoluble sulfides has been considered to limit the size and shape the metabolism of
the primordial biosphere [87, 88]. However, in terms of prebiotic chemistry, both the
soluble and precipitated forms of transition metals could contribute to promoting
the reactions, as have discussed in Section 3. The immobilized form of metal sulfides
could have provided active surfaces with enormous potentials for catalytic functions.
Therefore, for future prebiotic synthesis studies, more work using non-iron elements
should be conducted to screen optimal geological catalysts.

4.2 Chemical diversity of metal sulfides

Since transition metals mainly existed in sulfides during Hadean and early
Archean eon, these sulfides have been studied for prebiotic synthesis, as described in
Section 3. However, in most cases, the activities of these minerals are low compared
with their enzymatic counterparts and their contribution to prebiotic synthesis has
rarely been quantitatively constrained based on their kinetics with some exceptions
[73]. A possible reason accounting for the low reactivity is that prebiotic synthesis
researches have been heavily focused on the most earth-abundant minerals (e.g.,
FeS, and NiS). To explore the chemical diversity of sulfide minerals, Li et al. evalu-
ated the chemical diversity of metal sulfides of Co, Cu, Fe, Mn, Mo, Ni, V, and/or W
with 135,434 species-locality pairs recorded in the mineralogy database (http://rruff.
info/ima/) [88]. The diversity and distribution of these metal sulfides were analyzed
in terms of the following aspects: locality frequency, multiple metal composition,
crystal structure, and valence state of dominating elements. It was found that natural
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(A) Metal sulfide distribution in natural environments. The 20 most frequently observed species are ranked

in order of locality counts. The chemical composition of each species is shown. (B) Distribution and chemical
diversity (chemical composition, Fe/S valence states, and crystal symmetry) of Fe single-metal sulfides. (C)
Relative abundances and locality distribution of Fe*'-, F&**-, and Fe** plus F&**-sulfides. Adapted from vef. [88].

metal sulfides show marked variations in chemical composition, crystal structure,
and metal/sulfur valence states, suggesting a large chemical space associating with
chemical variations of sulfide minerals still waits for exploration (Figure 3). For Fe
sulfides, unexpectedly, mackinawite (FeS) is not among the top-ten mostly frequently
observed species. This suggest that it may be problematic to use this mineral asa
dominant target for prebiotic synthesis. Rather, pyrite is the most frequently observed
species. The observation of the S,”” state suggests that not only metals can medi-

ate redox change, sulfur ligands can also participate in the redox reaction with the
valence change (S,%7/1S%).

Each metal also has the dominant valent states. In Fe-S species, more than 84.86%
of localities feature only Fe** species, followed by those containing both Fe** and
Fe**(15.12%), and by three sulfides that only contain Fe** (0.02%). Generally, metals
with low valence states predominate the library of metal sulfides, except for Co, allow-
ing these minerals to act as an electron source or a catalytic center for charge accumula-
tion during redox conversion. The minerals with mixed-valence states could exhibit
unique functions due to special electron transfer and surface adsorption properties
[89, 90]. Moreover, binary metal compositions are ubiquitous in natural sulfides. For
example, Ni-Fe sulfides have ten species, and seven of them contain Ni and Fe as substi-
tutional cations with a wide Ni/Fe ratio range (0 ~ 35 at%), with pentlandite (Ni,Fe)oSg
being the most prevalent form. The other three species contain fixed Fe/Ni ratios. The
capability of Ni-Fe binary sulfides to have both fixed and varied Ni/Fe ratios in their
structures is a unique characteristic different from that of Cu-Fe binary sulfides, in
which Cu and Fe tend to form specific structures with fixed stoichiometries. The great
chemical diversity provides a wide variety of catalytic functions and suggests that there
is still a large chemical space of minerals for the exploration of unknown reactivities.

4.3 Enzyme analog minerals

Based on the discussion above, screening suitable geological catalysts is challeng-
ing and requires rational approaches. In this regard, machine learning or big-data
mining could provide promising solutions.

Given an envisioned evolution from geochemistry to biochemistry, the mineral-and
enzyme-based catalytic systems could be compared to understand the evolutionary
link between them. In 2014, Michael Russell and his colleagues proposed that minerals
sharing similar metal sites and ligands with enzymes could serve as a prebiotic catalyst
for activating small geological molecules [4] (Figure 4) because the similar structure

116



Minerals as Prebiotic Catalysts for Chemical Evolution towards the Origin of Life
DOI: http://dx.doi.org/10.5772/intechopen.102389

o = .
(A) Minerals ((B) Enzymes h
forrous \I‘%i?" ' e e
hydroxide %ot 1 o L™ monooxygenase
°§.'f_"-.'f‘\; s T
T e ‘*%-"” acetyl coenzyme-A
greigite [ L 1 -f!&‘“ ¢ synthase
X n"uf ~9
e
&
Ein AT N CO
violarite & S S
oAl ‘3o - ydrogenase
sbls y oh-d
nickelian - e’y [Ni-Fe]
; . R R »
markinawite ‘o Wy Ce hydrogenase
P X v Y.
N J L3 =

Figure 4.
Structural comparison between minerals and enzyme active centers. Adapted from ref. [4].

could exhibit similar chemical affinity towards the same substrate. Many prebiotic
syntheses are influenced by similar perceptions and pursue the prebiotic carbon and
nitrogen fixation using enzyme mimetic mineral catalysts [27, 45, 48, 49, 51, 52, 54,
69]. This idea could narrow down the candidates of geo-catalysts, however, an inherent
difficulty in studying the property of minerals is the wide range of data and parameters
to consider when searching for an appropriate catalyst for a specific enzymatic reac-
tion [91]. Especially, since the structure (particularly the first coordination structure)
alone doesn’t dictate the overall catalytic property, the structural resemblance between
minerals and enzymes doesn’t ensure a definite functional similarity.

To solve this problem, a computational approach has been employed to systemati-
cally compare the metal-ligand structure of minerals and enzymes, as reported in recent
work by Zhao et al. [91]. They compared the metalloenzyme cluster structure recorded
in the protein database and the mineral structural data in the mineralogy database, using
molecular similarity metrics. Therefore, this is probably the first attempt to quantify
the structural similarity between biological machineries and minerals. In this study,
iron—sulfur and nickel-iron-sulfur ligands were analyzed. Except for greigite and
mackinawite, other iron sulfide species (marcasite and troilite) that were less studied
previously were also predicted to have high structural similarity with iron—sulfur clusters
in biology. Therefore, these results highlight the predictability of the modeling method
for searching less studied minerals that hold potential as early prebiotic catalysts.

5. Conclusions

Minerals have been considered as the key player for prebiotic synthesis, and
up-to-date researches have verified the catalytic property of many prebiotic min-
eral catalysts towards the carbon and nitrogen fixation reactions. Based on these
discussions, mineral-mediated processes are probably critical for the evolution of
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protometabolism towards autotrophic origins of life. However, the rare demon-
stration of the formation of other types of life’s building blocks, such as sugars,
nucleobases, etc., accompanied by the difficulty in polymerization in water, pose
several obvious challenges for many related origins of life scenarios [92]. To solve this
problem, extensive screening of prebiotic catalysts based on the mineralogy database
combined with the numerical prediction of structure—function relations should be
helpful. Alternatively, other types of membrane and replicating systems have been
proposed [16]. Additionally, the evolution of the mineral catalytic system could be
further explored, by considering the hybridization of organic ligands with minerals.
These organic ligands could be short peptides that can be formed under geologically
plausible conditions [93, 94], or other types of polymers (e.g., polyesters [95, 96]).
The hybridization of these organic ligands introduces stereochemical and electronic
control on the whole reaction systems, which could help with overcoming the kinetic
problems for certain reactions.
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Abstract

Britholites derivatives of apatite’s that contain lanthanium and neodymium in the
serial compounds Srgla, yNd,(PO,)4(SiO4),F, with 0 < x < 2 were subject of the
present investigation. The solid state reaction was the route of preparing these mate-
rials. Several techniques were employed for the analysis and characterization of the
synthesized powders. The chemical analysis results indicated that molar ratio %Z‘S*im
was of about 1.67 value of a stoichiometric powder. The X-ray diffraction data showed
single-phase apatites crystallizing in hexagonal structure with Pg3/r, space group were
successively obtained. Moreover, the substitution of lanthanium by neodymium in
strontium phosphosilicated fluorapatite was total. This was confirmed by the @ and ¢
lattice parameters contraction when (x) varies coherently to the sizes of the two
cations. The infrared spectroscopy and the *’P NMR (MAS) exhibited the character-
istic bands of phosphosilicated fluorapatite. The pressureless sintering of the material
achieved a maximum of 89% relative density. The sintered specimens indicated that
the Nd content as well as the heating temperature affected the ionic conduction of the
materials and the maximum was 1.73 x 10 ® S cm ™" obtained at 1052 K for x = 2.

Keywords: fluorobritholites, lanthanium-neodymum substitution, sintering,
ionic conductivity

1. Introduction

The phosphosilicate apatites containing a coupled substitution of the divalent
cation by a trivalent lanthanide or a tetravalent actinide ion and the trivalent
groupment PO, by a tetravalent SiO4 groupment in the general formula Me(X0,4)6Y,
(Me: divalent cation; XO,: anionic groupment and Y: monovalent anion) allow to
obtain materials called britholite [1-4]. Such materials were found in the natural
nuclear reactors Alko of Gabon which demonstrated that they are storing some radio-
nuclides such as uranium U, thorium Th, plutonium Pu and minor actinides like
neptinium Np, americium Am and curium Cm [5-8]. Moreover, silicate based apatite
samples were found to contain up to 50 wt% of lanthanides (La, Ce, Nd) and actinides
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(U, Th) in Ouzzal site of Algeria [9]. Hence, britholites were considered as natural
nuclear waste disposal and allowing the confinement of radionuclides and some
fission byproducts produced by the nuclear industry [10-12]. In fact, many studies
indicated that britholites are able to confine radionuclides with continuous irradiation
for millions of years with conserved structure and thermal and chemical stability

[13, 14]. Indeed, due to the stability and flexibility of their structure, apatites offer
many possibilities for substitutions. Moreover, britholite materials favored many cat-
ionic and anionic substitutions in their crystallographic structure. These later might be
in a total or limited range [15-17]. Therefore, these substitutions are governed by the
ionic sizes, the valence, the electronegativity and the polarizability [18]. In this con-
text, several processes have been developed for the preparation of these materials
containing various elements such as actinides and lanthanides via solid state reaction
or mechanical synthesis [19-27].

On the other hand, many investigations have revealed that britholites might be a
good ionic conductor for their use in fuel cells. The conductivity was proved as a
thermal process at intermediate temperature range 400-900°C [28-32]. Therefore,
the electrical properties allow using the materials as a solid electrolyte in solid oxide
fuel cells (SOFCs) [33, 34].

Like-apatite, phosphosilicate apatites have a hexagonal structure and a space group
P63/m [15, 35]. Their framework is built on the sixth XO,4 groups and the Me is
divided between two crystallographic sites: four are located in the site Me(1), coordi-
nation 9, and six other are located in the site Me(2), coordination 7. Hence, in order to
highlight the capacity of these materials to store non radioactive elements similar to
radionuclides as well as their potentialities as ionic conductors, the sintered materials
series SrgLa, Ndy(PO4)4(Si04),F, with 0 < x <2 were investigated.

2. Materials and methods
2.1 Powder synthesis

A solid state method was adopted to prepare strontium fluorobritholites compounds
SrgLay Nd,(PO4)4(Si04),F, with 0 < x <2 [36]. The starting reagents: strontium
fluoride SrF, (99.99%. Merck)), strontium carbonate SrCO5 (>99.00% Fluka), silica
SiO, (Prolabo), lanthanum and neodymium oxide (La,03-Nd,O3 (99.99% Merck) and
strontium diphosphate (Sr,P,0;) were used. The reaction equation (1) is the following:

2—x

3SrCO; + 2S1,P,05 + SrF, + 2Si0, + La,0; + ;Ndzog
— SrgLay Ndy(POy4),(Si04),F, + 3C0, M with 0 <x <2. 1)

Sr,P,0; was synthesized by the following reaction at 900°C:
2S8rCO3; + 2(NH4),HPO4 — Sr,P,07 + 2CO; + 3H,0 + 4NH; (2)

SrCO3; (>96% Riedel de Haen), Gd,03 (>99.5% Prolabo), Nd,O3 (>99.5% Prolabo)
Si0; (>99.5% Alfa), SrF, (>99.5% Prolabo) and (NH,4),HPO, (>99% Acros Organics)
were used as raw materials. For each composition the molar ratio (Sr + La + Nd)/

(P + Si) and the obtained quantity of each composition should be respectively 1.67 and
1.5 x 10> moles. Before synthesis, each quantity of lanthanum and neodymium
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Reactants SrLa,F SrLa; sNdg sF SrLa;Nd,F SrLag sNd; sF SrNd,F

La,05 0.4887 0.3665 0.2443 0.1221 —

Nd,03 — 0.1261 0.2523 0.3785 0.5047
Table 1.

Masses in grams of lanthanum and neodymium oxides used in the synthesis of SrsLa,_Nd,(PO,),(Si0,).F,
with 0 <x < 2.

T(°C)
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Figure 1.
Thermal cycle used for strontium fluorobritholite sintering.

oxides given in Table 1 was furnaced at 1000°C for 12 h to avoid the formation of
Ln-hydroxide. Then, the solid mixture was milled and homogenized in an agate
mortar for about 30 min, and then cold pressed under 100 MPa into pellets (30

and 3 mm). During sintering, the pellets were sintered in the temperature range
1250-1450°C in a carbolyte type furnace with controlled argon atmosphere. The
temperature varied with 50°C for each value of x. The sintering cycle is shown in
Figure 1. The heating and cooling rate was of 10°C min ™. In the following sections,
the samples will be named SrLa, ,Nd,F where x is the substituted Nd rate.

2.2 Analysis and characterization

A PANalytical X’pert Pro diffractometer with a KaCu anode (A = 1.54 A) operating
40 kV and 40 mA was the apparatus used for the XRD patterns recording. The scans
range was between 10 and 70° (20) with a step size of 0.02°. The crystallite size of the
powder Dy was calculated using the (300) and (002) reflections following Debye
Sheerer equation [37]:

K
[31/ 2cos0

(3)

127



Mineralogy

Needs to remember that ) is the X-ray wavelength of the monochromatic X-ray
beam. For the apatitic crystallites K is a constant equal to 0.9. *? is the full width at
half maximum of the selected reflection and 0 is the Bragg’s diffraction angle.

The Fourier transformed infrared (FTIR)-attenuated total reflection (ATR)
spectra were performed at room temperature on a Perkin Elmer spectrometer in the
spectral range 4000-400 cm ™.

The chemical analysis of Sr., P, Si, La and Nd ions in the synthesized samples was
determined via an inductively coupled plasma atomic emission spectroscopy (ICP-
AES) (JY-Horiba Ultima-C spectrometer). The samples were thus previously mixed
with 99.9% lithium metaborate, fused at 1000°C for 25 min and dissolved in HCI
(0.6 M). The fluoride content in the synthesized samples was measured by a specific
ion-selective electrode.

The complex impedance measurements were performed on pellets sintered at
between 1250 and 1450°C for 24 h. Their densities varied from 72 to 83% of the
theoretical density as a function the sintering temperature. The two faces of the pellets
were coated with a silver paint and then two platinum wires electrodes linked them to a
Hewlett-Packard 4192-A impedance analyzer. The measurements were recorded with

the temperatures variation from 450 to 780°C and frequencies from 10 Hz to 13 MHz.

3. Results and discussion
3.1 Chemical content

The samples’ quantitative chemical analyses are shown in Table 2. As observed
there is a satisfactory agreement between the elements amount determined from the
analyses and those introduced in the starting. As a consequence, the experimental
SrilatNd molar ratios are very close to
the theoretical value of 1.667 for stoichiometric apatite.

formula was close to the theoretical ones. The

3.2 X-Ray diffraction analysis

Figure 2 showed the XRD patterns of all compositions. It is evident that the samples
were single apatite phase. By comparaison to the JCPDS 17-0609 file data for the
strontium fluorapatite, the samples are characteristic of the hexagonal symmetry and
the P63/m space group. No additional diffraction lines relative to supplementary phases
were detected in any of the patterns. However, the presence of very small quantities of
impurities was not excluded. The XRD patterns of the Figure 3 indicated that when the
substitution level increased, the peaks slightly shift towards the high 26 angles

Samples Sr La Nd P Si F Molar ratio StilaiNd
SrLa,F 7.96 1.97 — 3.98 1.97 1.99 1.668
SrLa; sNdo sF 7.96 1.47 0.47 3.98 1.96 1.98 1.666
SrLa;Nd,F 7.97 0.98 0.97 3.99 1.96 1.96 1.667
SrLag sNd; sF 7.99 0.47 1.48 3.99 1.98 1.97 1.664
SrNd,F 7.98 — 1.97 3.98 1.98 1.97 1.669

Table 2.

Number of atoms per unit cell of SrgLa,_.Nd.(PO,),(SiO,),F, (0 <x < 2).
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Figure 2.
DRX spectra of strontium fluorbritholites SrgLa,Nd..(PO,) ,(SiO,),F, with (0 <x < 2).

x=2.0

W_’_/k x=1.5
/\ x=1.0
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31,0 31,5 32,0 32,5 33,0
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Figure 3.
Radiation (300) of fluorbritholites SrgLa, _Nd,(PO,) ,(Si0O,),F, (0 <x <2).

indicating a contraction of the unit cell. This contraction, which agrees with the Nd**
radius (Virng®* = 0.983 A) [38], that is smaller than that of La** (Vr>* = 1.032 A) [39]
confirms the incorporation of Nd** into the apatite structure.

As shown in Figure 4 and Table 3, the cristallographic parameters calculated using
the Fullprof program without any structural refinement of the all compositions
depended on the substitution level. In fact, if Nd content rose, & and ¢ decreased. The
calculated cristallographic parameters were similar to that existing in the literature
[40, 41]. Moreover the evolution of the lattice parameters was linear in accordance
with the Vegard’s law:

a=—0.0092x + 9.7346 A; 5(a) = 2.5 x 10734 (o : standard deviation)
¢ = —0.009x +7.2806 A;5(c) =2 x 103 A (4)
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Figure 4.
Lattice parameters as a function neodymium level in the SrgLa,_.Nd.(PO,),(SiO,),F, with (0 <x < 2).

Sample a(A) c(A) V (&%) D300 (A) D30 (A)

SrLa,F 9.735(2) 7.281(2) 597.55(2) 304(3) 387(4)

SrLa; sNdg sF 9.730(3) 7.278(3) 596.69(2) 278(2) 362(3)

SrLa;Nd;F 9.725(2) 7.271(2) 595.43(2) 254(3) 347(2)

SrLag sNd, sF 9.720(3) 7.267(2) 594.57(3) 237(3) 326(3)

SrNd,F 9.717(3) 7.263(2) 593.87(3) 223(4) 307(4)
Table 3.

Crystallographic parameters of strontium fluorbritholites SrsLa, Nd..(PO,),(SiO,).F, (0 < x < 2).

indicates the existence of a continuous solid solution in the explored substitution
domain.

The rational parameters that govern the site occupation are the nature, the electro-
negativities, the valences and the polarizabilities of the ions. The bibliography studies’
results indicated that like those observed in natural phosphosilicate apatites, the
substituted cations in the apatite structure had preferential occupation for Me(2) sites
[42-45]. Thus, it could be concluded that La** and Nd** ions substituting Sr** with
0 <x <2in our studied samples were subsequently preferentially localized in Me(2) sites.

3.3 FTIR spectroscopy

The FTIR spectra of the samples were given in Figure 5. The identification of all
the bands was done by comparison with un- and substituted strontium fluorapatite
the previously reported in the literature [40, 41]. The characteristic absorption bands
of SiO4 and PO, were observed [41].
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Figure 5.
Infraved spectra of SrgLa,_.Nd..(PO,),(SiO,),F, (0 <x <2).

The PO characteristic bands observed at 1072-1024 cm ~* coincide with to the
asymmetric stretching mode (v3). The band at 943 cm ™ is attributed to the symmet-
rical stretching mode (v;). The asymmetric bending mode (v4) bands appeared in the
538-562 cm ™ range and the symmetric one (v,) are shown at 455 cm ™. The bands
observed at 909-943 (v3), 832-870 (v), about 538 (v4) and 460-498 cm ™' (v,) were
assigned to SiO4. Moreover as the neodymium amount in the samples increased a shift
of the PO, and SiO, absorption bands towards the low wave numbers was detected.
This was attributed to a reduction in size of the lattice inducing an increase in anion-
anion repulsion (PO, vs. SiO,4) [45]. This observation was in good agreement with
those obtained by diffraction of X-rays and confirms that the neodymium substitution
reduced the lattice size.

3.4 3'P NMR spectroscopy

In the Figure 6 are represented the >'P NMR-MAS spectra. A single isotropic signal
was observed for all the spectra. It indicated also that a unique crystallographic site for
the PO, tetrahedron in the apatite structure was present. However a slight chemical
shift towards the lower values was observed as well as a broadening of the peaks was
attributed to the Nd substitution. This fact was related to a disorder induced in the
apatite network caused by the substitution of La by Nd. This was previously seen with
doped with rare earth apatite’s [46-48].

3.5 Materials sintering

Materials densification optimization has been performed by sintering the synthe-
sized samples in the temperatures range 1250-1500°C with a fixed holding time of 6 h.
Relative density d,, was calculated using the equation:
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Figure 6.
3*P NMR-MAS spectra of fluorbritholites SrgLa, Nd..(PO,),(SiO,),F, with (0 <x < 2).
d,, = P o 100 (5)
pexp
where the theoretical density pw. was calculated using the equation:
ZM
il 6
pthe NaV ( )

(Z: number of molecules/unit cell, M: molecular weight Na: Avogadro number and
V: volume of the unit cell) and experimental density determined from the mass and
the dimension of sintered pellets by means of the equation

m
mhr?

Pthe = )
Figure 7 shows that relative density of the sintered samples strictly depends on
sintering temperatures as well as on Nd content. An irregular trend was noted and the
highest relative density 89% was obtained with x = 2 Nd content when sintered only at

1250°C. The remaining samples presents lower than densifications ratios obtained at
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Figure 7.
Relative density versus sintering temperature of SrgLa, _.Nd.(PO,),(SiO,),F, with (0 <x < 2).

higher temperatures. From these data, it can be deduced that the grains morphology
and size modification strongly depends on Nd content and sintering temperature. The
Nd doping should improve the materials densification by reducing the porosity. This
was confirmed by the percentage porosity of the higher densified samples calculated
by the following equation:

p=(1—dr) x100 (8)

As plotted on Figure 8, the porosity of the samples decreased as Nd content
increased. This result muched the evolution of the relative density suggested to

35

N N w
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=
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Figure 8.
Porosity versus Nd content of maximum densified samples.
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increase when crystallite size is reduced (i.e. grain size). This should promotes the
materials densifications by eliminating the intergranular porosity.

The microstructure of the samples given on Figure 9 is closely coherent with the
densification rates as well as porosity. Indeed, the micrographs show a progressive
removal of the porosity when the Nd rate rises. Thus with x = 0 the microstructure is
of intergranular aspect revealing the presence of abundant porosity. With x = 0.5,
although some pores persist on the surface the porosity was reduced,. When x = 1 the
open porosity has almost disappeared and only the closed porosity remains, reflecting
the 89% densification.

SI‘gLaZ,deX(PO4)4(SiO4)2F2 with (0 <x< 2) (9)

3.6 Impedance spectroscopy

The ionic conductivity of the samples was determined between 400 and 800°C
with a step of 20°C by complex impedance plots. Thus, for each sample, 20 complex
impedance plots (plane, Z” vs Z') were plotted. The intercept of the semicircular arcs
with the real axis allow obtaining the bulk resistance R. The ionic conductivity of the
sintered samples was calculated from the equation:

6= (10)

The thickness and the area of the sample were e and S, respectively. Figure 10
reprinted the ionic conductivity ¢ versus the neodymium substitution. The first
deduction is that o depends on this substitution and particularly at higher tempera-
tures. The curves obtained at 604 (877 K) and 482°C (755 K) indcated that the
measured conductivity was about 4.4 x 107/Scm ™t By contrary with the increase of
Nd content, ¢ rose up to 1.73 x 107° S cm ! at 779°C (1052 K). Hence, the electric
conductivity of the samples depend onthe Nd substituted level.

The total activation energy of the samples was obtained from the Arrhenius equation:

6T = Ae & (11)

The parameters to define are the pre-exponential factor A, activation energy Ea,
Boltzmann constant k and absolute temperature T, respectively. Figure 11 shows an
Arrhenius-type plot indicating that the electrical conduction of the materials is
activated by heating. The ¢ values were slightly different from those found in the

Figure 9.
Micrographs of sintered samples SrgLa, _Nd.(PO,) ,(SiO,),F, (a) x = 0.0; (b) x = 0.5; (¢) x = 1.0.
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Plots of LnoT versus 1000/T of fluorbritholites SrsLa,_Nd,.(PO,) ,(SiO,),F, with (0 <x < 2).

literature [49, 50]. The difference might have resulted from the preparation and
sintering methods reflected by the difference in densification ratios (range 72-83%).
The slope in the Arrhenius plots versus temperatures gives the activation energy. This
later parameter increased when Nd level rose reaching a maximum of 1.1 eV when

x = 1 then decreased to 0.91 eV (Table 4). Moreover a slight break in slope for x > 1
was detected in the Arrhenius plots. This was related to the Sr/Nd—F bond likely to
the work of Njema and al [49]. In fact, in SrgLa, Nd,(PO,4)4(SiO4),F, with

(0 < x £2) samples, the mobility of F~ along the ¢ axis ensure the charge motion.
Thus as the Nd-doping increased the F~ mobility was enhanced and the conductivity
was improved. The fluoride ions motion along the structure should be related to the
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X 0 0.5 1 1.5 2
Ea (eV) 0.87 0.95 1.1 1.03 0.91
Table 4.

Activation energy of SrsLa, .Nd.(PO,),(SiO,),F, with (0 <x < 2).

neodymium polarizability slightly higher than its of lanthanium. Herein, the polariz-
abilities of lanthanum and neodymium were 4.82, 5.01 A3 respectively [51, 52].
Laghzizil and al emphasized the improved fluoride mobility in the presence of
polarizable cations localized in Me(2) site [53, 54].

4. Conclusion

Strontium fluorbritholites Srgla, Nd,(PO,4)4(Si04),F, with (0 < x < 2) were
successfully prepared by reaction in the solid state. Characterization by several tech-
niques revealed that all the powders were composed of a single apatite phase. The
lattice parameters a and ¢ were inversely proportional to Nd content. The La-Nd
substitution was totally coherent with the ionic size of lanthanum and neodymium
ions. The chemical analysis showed that for all the compositions the ratio =284 was
close to the stoichiometric value (1.667) indicating the stoichiometry of the powders.
The Infrared absorption apectroscopy study confirmed the presence of the absorption
bands relative to PO4 and SiO, groups. The 31p NMR (MAS) showed the presence of a
unique isotropic signal confirming the existence of a single crystallographic site for the
phosphorus nucleus. The materials’ ionic conductivity measured via impedance spec-
troscopy was found to be heating-dependent. The maximum of 1.73 x 10 ®Scm ' is

obtained with higher Nd level and at a temperature of around 1052 K.
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Chapter 8

Mg-Ilmenite from Kimberlites,
Its Origin

Sergey I. Kostrovitsky

Abstract

The main regularities of the saturation of kimberlite rocks with the accessory
mineral Mg-ilmenite (Ilm), the peculiarities of the distribution of Ilm compositions in
individual pipes, in different clusters of pipes, in diamondiferous kimberlite fields, are
considered as the example of studies carried out within the Yakutian kimberlite prov-
ince (Siberian Craton). Interpretation of different crystallization trends in MgO-Cr,03
coordinates (conventionally named “Haggerty’s parabola”, “Steplike”, “Hockey stick”,
as well as the peculiarities of heterogeneity of individual zonal and polygranular Ilm
macrocrysts made it possible to propose a three-stage model of crystallization Ilm: (1)
Mg-Cr poor ilmenite crystallizing from a primitive asthenospheric melt; (2) Continuing
crystallization in the lithospheric contaminated melt by MgO and Cr,05; (3) Ilmenite
subsequently underwent sub-solidus recrystallization in the presence of an evolved
kimberlite melt under increasing oxygen fugacity (fO,) conditions.

Keywords: magnesian ilmenite, kimberlite, kimberlite field, kimberlite cluster,
macrocrysts, mantle xenoliths, asthenosphere, lithosphere

1. Introduction

Ilmenite proper, corresponding to the chemical formula FeTiO3, often forms a
series of solid solutions with isostructural minerals - heikilite MgTiO5, pyrophanite -
MnTiO3, hematite - Fe,O3. Along with Mg2+, Mn?*, Fe**, ilmenite can contain
isomorphic impurities of Al, Cr, Nb, V, etc. There is a geochemical specialization of
impurity elements in ilmenite, depending on the type of rocks. For example, ilmenite
from basic rocks is characterized by the presence of V, Cr, Co, Ni. In ilmenites from
kimberlites, there is an increased content of Cr, Al, Nb, Zr. A typical impurity for
ilmenites is Mg, while the MgO content can reach up to 20 wt.% [1]. Im with MgO
content >6 wt% is commonly referred to as Mg-ilmenite. The existence of a continu-
ous series FeTiO3-MgTiOj3 is assumed. Isomorphic impurity Fe,O3 occurs according to
the scheme of heterovalent isomorphism Fe?* + Ti** «2F>",

Mg-ilmenite (Ilm) is an important kimberlite indicator mineral, which is widely
used in diamond exploration to identify primary deposits. In kimberlites, Ilm forms
discrete monomineralic grains (i.e., megacrysts, macrocrysts, and micro-
phenocrysts), whose content varies widely (from 0.1 to 2-3 wt.%]. Less frequently,
Ilm occurs in mantle xenoliths [2-4] and in Ilm-Prx intergrowths [5, 6]. Due to the
fact that syngenetic mineral inclusions of olivine, clinopyroxene, and garnet in Ilm
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macrocrysts are extremely rare, it is difficult to elucidate the genesis of Ilm. That is
why the issues of the occurrence of ilmenite, its mantle sources, and its genetic
connection with kimberlite melt continue to be discussed. Potential origins of Ilm
macrocrysts and megacrysts include: (I) the disaggregation of Ilm-bearing lithospheric
mantle lithologies [1, 7, 8]; (II) crystallization within the asthenosphere [9-12]; (III)
crystallization from an asthenospheric melt within the lithosphere associated with
kimberlite magmatism [4, 13-17]; a modern take on this previous model is (IV)
formation in a “metasomatic aureole” surrounding the (proto-) kimberlite melt and or
previous pulses of failed (proto-)kimberlite melt, alongside other megacryst suite
minerals and sheared xenoliths [18-22].

This section of the book is a compilation of two published articles [23, 24], written
on the basis of a study of the representative collections of Ilm collected by the author.
Before proceeding to the presentation of our model of the origin of Mg-ilmenite [24],
let us consider different trends of crystallization Ilm in MgO-Cr,05 coordinates,
which are characteristic of individual pipes, pipe clusters, and diamond-bearing fields,
as well as the peculiarities of the heterogeneity of the composition of individual zonal
and polygranular Ilm megacrysts.

2. The composition of Mg-ilmenite

Mineralogical assessment of most kimberlite pipes in the four diamond fields of the
Yakutian kimberlite province (YaKP) (Figure 1) provided the author with an oppor-
tunity to study the compositions of Ilm macrocrysts. A representative number of both
the studied pipes (94) and the Ilm macrocrysts (11,003) were studied. Microprobe
analyzes were carried out at the Central Analytical Laboratory of the Botuobinskaya
Geological Survey of ALROSA on a Superprobe JXA 8800R. Repeated attempts by
researchers [1, 25, 26] to reveal the compositional features of Ilm from individual
fields were unsuccessful. The reason for the failure lies in the fact that the researchers
focused on the comparison of statistical parameters of the distribution of the compo-
sition. Consideration of the trends in the variability of the Ilm composition is much
more informative. Here we predominantly focus on bivariate plots MgO-Cr,03, since
these coordinates are the most informative for demonstrating differences between Ilm
from various fields, clusters, and pipes [4, 7, 27]. It is important to note that the
average composition of Ilm and its MgO-Cr,03 distribution does not vary with sam-
pling depth, or with the textural type (i.e., unit) of kimberlite within a single pipe.
Therefore, the composition of Ilm is an invariant characteristic unique to a given
kimberlite [22]. A comparison of the Ilm compositions from different fields indicates
that their common feature is (Table 1) their fairly consistent homogeneous composi-
tion. With wide variations in the content of the main Ilm oxides from different fields,
with the exception of the Mirninsky field, they are characterized by a very similar
average composition. The Mirninsky field kimberlites contain higher-Fe Ilm, with a
higher content of the hematite (Fe,O3) component.

Despite the closeness of the average oxide contents (in three fields), Ilm from each
field shows completely different distributions of the composition points in the MgO-
Cr,0; plots (Figure 2). Below we provide a brief description of them.

Mirninsky field, despite the small number of pipes (only 9), is one of the most
productive - 5 pipes (Mir, Internatsionalnaya, 23 KPSS, Dachnaya, Taezhna) belong to
the diamond deposits. The distribution of the composition points of the Ilm composi-
tion on the MgO-Cr,0j; graph (Figure 2a) resembles the type of distribution, which is
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Map showing the location of diamondiferous kimberlite fields in the Yakutian province.

conventionally named “Haggerty’s parabola “ after the name of the researcher who
first discovered it [8]. The clearest and most numerous group of composition points
belongs to low-Cr Ilm (<0.5 wt% Cr,03) with a variable MgO content, covering
almost the entire range of its variation. Other groups of points of composition,
corresponding to low-Mg and high-Mg Ilm with variable content of Cr,03, form two
branches of the parabola on the graph and generally demonstrate a scattered type of

distribution.

A feature of the MgO-Cr,0; plot for the Daldynsky field (Figure 2b) is the presence
of three distinct groups of composition points that show no or weak correlation between
oxides. The presence of three Ilm groups in terms of Cr,0O3 content is found for most of
the Daldynsky field pipes, but not for all. For example, Ilm from pipes of the Dalnya
cluster are characterized by a unimodal distribution of Cr,03 content.

The Alakit-Marhinsky field also consists of more than 60 pipe and dike bodies. But
the Ilm compositions (707 analyzes) were studied from only 12 pipes, which is due to
the higher-Mg composition of kimberlites in this field and, accordingly, the limited
number of pipes containing Ilm. The overall plot for the entire field in MgO-Cr,05
coordinates (Figure 2c) reflects the overlap of different distribution types, which are
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Mirninsky (1600) Daldynsky (4171)  Alakit-Marhinsky (4634) Verhnemunsky (598)

TiO, 4538 48.0 483 474
28.5-56.5 36.4-55.2 36.7-60.3 37.7-59.5
ALO; 0.6 0.53 0.4 05
0-4 0-1.9 0-1.4 0-3.8
Cr,05 10 10 14 14
0.1-9 0.2-14.5 0-7 0.1-12.6
FeO 18.8 14.4 6.7 155
0-43.4 0.1-44 0-24 0-46.3
Fe,0 247 2.3 129 262
8-44.5 0.2-45.9 0-30.7 8.9-40.3
MnO 0.16 0.25 03 0.2
0.1-2.4 0.1-29 0.1-0.9 0.1-1
MgO 88 9.6 99 91
0-15.6 0.1-16.2 6-19.7 0.9-18.1
Table 1.

Average, the interval of variation in the composition of Mg-ilmenite from different diamondiferous fields of the
Yakutian province (in parentheses - the number of analyses).

demonstrated by the plots for different pipes (Figure 3a—e). In general, the MgO-
Cr,05 plot for Alakit-Marhinsky field is peculiar in the form of individual clusters of
points of composition and certainly differs from the corresponding graphs from other
diamondiferous fields.

There are 16 known kimberlite pipes in the Verhnemunsky field. The database
characterizes the compositions of Ilm from most of the pipes in this field and includes
513 analyzes. A distinctive feature of the field (Figure 2d) is the presence in each pipe
of the low-Mg group Ilm (6.5-8 wt% MgO), which demonstrates the change in the
MgO content at constant Cr,03. Ilm with a MgO content of more than 8 wt% are
characterized by a scattered type of distribution in the coordinates MgO-Cr,03,
reflecting wide variations in the composition of the mineral.

The Daldynsky field, in which about 60 kimberlite pipes were discovered, was
studied for most of the pipes, and therefore the author classified it as an etalon field,
namely, thanks to the studies of this field, the most important conclusions about the
origin of Ilm were made. Table 2 reports the most representative average composi-
tions of Ilm grains, in terms of the oxides TiO,, MgO, Cr,03, and FeOtotal, from pipes
in the Daldynsky field (4171 analyses of Ilm). It is evident that Ilm from different
pipes of the same cluster yield similar values, while Ilm from different clusters have a
significantly different composition. For example, Ilm from the pipes of the Malyutka
and Zarnitsa clusters have closely similar MgO abundances, though they differ mark-
edly in Cr,05 content. Ilmenite from the Dalnya, Leningradska, and Dolgozhdana
clusters display similar MgO contents, but are different in Cr,03 and so on. Some
clusters of pipes demonstrate local heterogeneities in Ilm composition. For example,
in the Yakutska cluster, closely located pipes (Akademicheska and Aeros’emochna on
the one hand, and Yakutska and Ilmenitova, on the other hand), exhibit very similar
I[lm compositions. Figure 3 presents a plot of the average contents of MgO and Cr,03,
showing the proximity of compositions of Ilm from different pipes of the cluster and
the differences in Ilm compositions between different clusters. As a rule, the points of
average Ilm composition from pipes of one cluster are grouped near each other.
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Figure 2.
MgO vs. Cr203 bivariate plots showing the distribution of ilmenite compositions from different diamond-bearing
kimberlite fields of the Yakutian province: (a) Mirninsky; (b) Daldynsky; (c) Alakit-Marhinsky; (d) Verhnemunsky.

It is evident that the Daldynsky field is characterized by regional heterogeneity
along with a clustered distribution of Ilm compositions. The highest Mg content and
low Cr,03 content are found in Ilm from pipes in the southern part of the Daldyn field
(Dalnya, Leningradska, Yakutska clusters, Figure 4), while the northern part of the
field predominantly contains clusters of pipes (Zarnitsa, Letnya, and Malyutka) with
low MgO and high Cr,0; Ilm (Table 2). By combining the MgO-Cr,03 plots with
histograms of Cr,03 content (Figures 5 and 6), we can clearly identify significant
differences in the distribution of Ilm compositions between different pipes. The
histograms of Ilm composition in the Daldynsky field show different types of distri-
bution: (1) unimodal, e.g. pipes of the Dalnya (Figure 6) and Leningradska clusters;
(2) bimodal, e.g. pipes of the Yakutska and Rot-Front clusters, according to MgO
content; (3) tri-modal, with distinct minima dividing the analyzed Ilm grains into
three separate groups, e.g. pipes of the Zarnitsa (Figure 5) and Malyutka clusters.
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Cr,0, wt. %

Cr,0;, wt. %

Cr,0;, wt. %

Figure 3.

+

Different types of distribution of Ilm composition from different pipes from the Alakit-Markhinsky field:
(a) “Haggerty parabola” (pipe Yubileynaya); (b) “hockey stick-like” (3 pipes of Iskorka cluster: Iskorka,
Svetlaya, Kollektivnaya); (c) “step-scatteved” (pipes Komsomolskaya, Sitikanskaya); (d) “stepped” (pipe
Drughba); (e) “inclined”, with an inverse correlation between MgO and Cr,0; (3 pipes of NIIGA cluster,
NIIGA, Marshrutnaya, Talisman,).
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Cluster of pipes N Pipe Number analyzes Average composition (in wt.%)
Cr,03 MgO FeOtot Mg#
Udachnaya 4 Udachnaya-west 88 12 9.07 40.28 18.42
5 Udachnaya-east 82 1.01 9.6 39.92 19.46
Polyarna 6 Lyubimaya 124 0.84 9.3 39.56 19.05
7 Volzhanka 97 0.82 9.29 40.41 18.79
8 Studecheska 91 0.76 9.58 39.71 19.48
9 Polyarna 92 0.79 9.54 39.45 19.52
Bukovinska 1 Jila-75 Imenites are absent in all high-Mg kimberlites pipes of the
2 Gornyztska Bukovinska cluster
13 Bukovinska
14 Popova
Malyutka 15 Daykova 93 1.74 8.7 39.66 18.04
16 Sosednya 89 1.45 9.05 41.08 18.07
17 Malyutka 92 171 8.82 41.16 17.67
Zarnitsa Nevidimka 95 0.85 8.99 39.92 18.27
20 Zarnitsa 114 0.94 8.96 40.66 18.16
21 Popugaeva 116 0.93 8.84 40.92 17.95
22 Cheburashka 30 1.16 8.35 41.82 16.66
23 Elektra 105 0.97 9.2 40.52 18.63
24 Argys 100 1.01 8.98 40.35 18.34
25 Iksovaya 123 0.93 9.22 40.64 18.04
Letnya 27 Osennya 64 1.81 8.48 40.20 17.51
28 Zimnya 85 1.55 8.21 40.52 17.11
29 Letnya 87 1.56 8.67 40.45 17.74
Rot-Front 30 Rot-Front 83 1.2 10.3 37.92 21.43
31 Oval 127 1.18 11.1 35.46 23.78
Yakutska 37 Aeroc’emochna 111 0.86 9.91 38.43 21.04
38 Academicheska 122 0.9 9.79 37.44 20.72
39 Ilmenitova 79 1.06 9.33 38.33 19.65
40 Yakutska 85 0.74 9.15 38.21 19.40
Nurbinska 42 Dolgozhdanna 105 11 10.8 36.51 22.90
43 Nyurbinska 111 0.93 10.3 37.11 21.76
Leningradska 44 Geophysicheska 37 0.74 12 34.09 25.98
45  Leningradska 90 0.77 111 34.73 24.41
46  Molodezhna 80 0.73 10.8 35.62 23.37
Dalnya 50 Mambo 110 0.84 10.7 36.79 22.63
51 Nu-Pogodi 78 0.8 11 36.94 23.06
52 Ugadayka 79 0.85 10.9 36.79 23.03
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Cluster of pipes N Pipe Number analyzes Average composition (in wt.%)

Cr,0; MgO FeOtot Mg#

53 Saratovska 101 0.77 11.3 36.38 23.71
54 Jila-70 71 0.84 11.6 35.46 24.73
55 Dalnya 82 0.8 10.9 36.41 23.05
56 Jila-74 66 0.86 11.2 35.54 23.95

Table 2.
Average composition of Mg-imenite in pipes of the Daldynsky field.
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Figure 4.

Sketch map showing the location of kimberlite pipes in the Daldyn field. The names of the pipes are given in
Table 2 (the numbers for pipes on the map and in the table are the same). The clusters of pipes are shown on the
map as solid ovals, which group together pipes containing Ilm of similar composition.

While the first type of distribution is dominant for Ilm from the southern part of the
Daldyn field, the third type is essentially characteristic of pipes from the northern part
of the field.
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MgO-Cr,0; correlation diagrams combined with histograms of Cr, O distribution in Ilm from kimberlites in the
Dalnya cluster.
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3. The heterogeneous composition of Mg-ilmenite macrocrysts

Most Ilm grains are heterogeneous, with rims enriched in MgO. The Ilm zonal
megacrysts are illustrated in Figures 7 and 8, in which the rims are enriched with
MgO. The gradual change in the primary composition of Ilm is especially clearly
observed in polygranular megacrysts from the Mir pipe (Figure 9). Individual gran-
ules ranging in size from 100 pm to >1 mm, separated by microcracks, demonstrate a
compositional change towards an increase in MgO content from the center to the edge
(Figure 9a, b, e, and f). At the same time, there is a parallel decrease in the content of

Figure 7.

Typical zoning of Ilm macrocryst: The marginal zone of the grain becomes more magnesian than the core. In the
photo, the microcrystal Ilm from the kimberlite of the Malokuonamskaya pipe (Kuranakh field). Zoning: in the
center (point 1) 5.16% MgO, 0.72% Cr,0;; In the rim (point 2) -11.8% MgO, 2.8% Cr,0;.

JEOL COMP 2B.0 »x198  10@pm WD11mm

Figure 8.

Macrocryst Ilm from the kimberlite of the Universitetskaya pipe (Kuranakh field). In the center, relicts of high-Fe,
low-Cr Ilm (point 1) are preserved, most of the grain is vecrystallized in relatively high-Mg, high-Cr Ilm. Composition:
Point 1 5.7% MgO, 0.4% Cr,0;; point 2-10.6% MgO, 1.5% Cr,O;; point 6-9.6% MgO, 0.9% Cr,0;.
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Figure 9.

(a) Uneven granulation of Ilm macrocryst. The formation of microcracks on the boundaries of granules. (b) the
changing of Ilm composition is starting in the border zones of granules. (c) relatively uniform micro granulation of
Ilm grains with the size of individual granules of 100-200 mu. (d) Development of microcracks (granulation
process) throughout the macrocrystal Ilm, accompanied by a change in composition on only one-half of the grain.
(e, ) - The move intensive development of the processes of granulation and substitution takes place in linear
microzones of fracturing.
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Fe,03 and an increase in the content of MnO, the content of Cr,03 remains unchanged

(Table 3). MnO-containing Ilm (up to 4.6 wt% MnO) and vein-like Ilm (~ 30 pm-
Figure 9a—point 7; Figure 9b-point 5; see Table 3) are found in the intergranular

space. it is possible that the granulation of Ilm macrocrysts is caused by deformation
processes, during which deformed lherzolites were formed. It is important to bear in

Figures Figure 7 Figure 8 Figure 9A
Points 1c 1 ir 1 2 3 4 1 2 3
TiO, 4130 50.60 20.54 50.88 5216 54.41  22.64 48.48 4848 48.76
AlL,O; 0.09 0.23 3.24 0.60 0.81 0.54 3.81 0.67 0.68 0.66
Cr,05 0.04 1.18 0.41 0.41 0.77 2.42 1.14 0.17 0.15 0.14
Fe,03 19.68 9.39 — 11.33 9.63 6.28 — 14.47  14.69 15.17
FeO 3393 2271 5832 2437 2251 22.61 57.64  28.61 28.85 28.86
MnO 0.16 0.48 0.67 0.24 0.32 0.51 0.84 0.21 0.22 0.20
MgO 174 1247 1236  11.84 13.76 14.43 13.93 8.29 8.15 8.30
Total 96.94 97.05 9555 99.67 99.95 10120 99.99 1009 10122 102.09
Figures Figure 9a Figure 9b
Points 4 5 6 7 1 2 3 4 5
TiO, 48.94 52.20 54.74 51.04 38.07 48.28 43.76 49.83 47.76
AL 05 0.73 1.36 0.10 0.05 0.60 0.26 0.69 0.33 0.00
Cr,05 0.15 0.24 0.32 0.42 0.43 0.61 0.46 0.61 0.28
Fe,03 14.52 711 5.00 1.01 31.79 14.91 22.51 12.69 4.00
FeO 27.50 27.84 28.77 40.70 25.29 27.14 26.67 26.26 38.19
MnO 0.23 0.36 0.46 4.51 0.16 0.27 0.18 0.33 4.55
MgO 9.13 10.51 11.21 0.35 4.92 8.98 7.01 10.22 0.08
Total 101.2 99.62 100.6 98.08 101.26 100.45 101.28 100.27 94.86
Figures Figure 9c Figure 9d Figure 9e
Points 1 2 1 2 1 2
TiO, 44.05 43.56 32.80 48.01 31.49 48.58
ALO; 0.61 0.69 0.66 0.29 0.55 0.16
Cr,03 0.14 0.19 3.76 5.17 4.15 5.60
Fe,03 22.89 23.16 38.44 11.62 39.81 10.48
FeO 26.95 26.74 22.29 25.40 21.83 25.78
MnO 0.19 0.18 0.13 0.21 0.11 0.36
MgO 6.99 6.87 3.97 9.85 3.57 9.84
Total 101.82 101.39 102.05 100.55 101.51 100.8
Table 3.

Chemical composition of the zoned macrocryst of Ilm from Zarnitsa (see Figure 7) and Komsomol’skaya pipes

(Figure 8) and polygranular macrocrysts of Ilm from Mir pipe (Figure 9).
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Figure 10.
A plot of the composition of Ilm in the coordinates of MgO-Cr,O; at different points (see Figure 9) of
polygrainular grains from the Mir pipe.

mind that despite the change in the MgO content in the recrystallized macrocrysts
Ilm, the Cr,0; content remains constant within the entire grain (Figure 10).

4. Ilm-bearing sheared peridotites

Compositional features of minerals from Ilm-bearing deformed peridotites provide
important arguments for developing a model of Ilm genesis in kimberlites. The
similarity of the compositions of olivine, garnet, and Mg-ilmenite from deformed
peridotites and the corresponding megacrysts from kimberlite rocks [28-30]
indicates a genetic relationship between them. We present a brief description of the
petrographic and geochemical features of Ilm-bearing deformed lherzolite (sample
00-83) from the Udachnaya-Eastern kimberlite, described earlier in the article by
Solov’eva et al. [31].

Sample 00-83 is an OI-Phl-Ilm sheared peridotite xenolith with a fluidal
porphyroclastic texture. This sample contains ~30 vol% olivine (Ol), ~40 vol%
phlogopite (Phl), and ~ 30 vol% Ilm. Ol predominantly occurs as small (0.05-

0.2 mm) euhedral neoblasts, but rare anhedral porphyroclasts (< 1 mm) are present.
Laminar Phl porphyroclasts (< 2 mm) are deformed. Ilm occurs as thin lenses

(<0.5 cm wide and < 4 cm long; Figure 11), which have polygranular textures
(Figure 9a). In a similar manner to the polygranular Ilm macrocrysts, titaniferous-
magnetite has precipitated in the interstitial space between Ilm granules and at the
grain margins of Ilm lenses. Ilm from this xenolith is characterized by wide
variations in MgO contents (8.6-12.5 wt%) with relatively constant Cr,0;

contents (i.e., 2.6-2.9 wt% —Table 3). Ar*°/Ar*’ dating of Phl from this sample
yields an age of 367.1 + 1.4 Ma [32], which overlaps the age of host kimberlite

(i.e., 367 Ma, [33]).
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(b)

Figure 11.
Sample 00-83. Xenolith of deformed peridotite Phl-Ilm-Ol composition from the pipe Udachnaya-Eastern. Ilm
forms micro-veins and micro-lenses. Photo of the section with cvossed Nicol. The size of the photo is 6 x 4 mm.

5. Arguments for model of Mg-ilmenite crystallization

5.1 An asthenospheric and lithospheric source for kimberlites, and their
megacryst suite

The similarity of Rb-Sr, Sm-Nd, and Lu-Hf isotope systematics, the same age of
formation [11, 15, 16, 18, 28, 34] for kimberlites and low-Cr megacryst association of
minerals (to which IIm belongs) testify to a single primary asthenospheric source for
them. The similar or almost identical compositions of Ilm in different pipes of one
cluster can be accounted for by the existence of a common magmatic supply channel.
Various clusters of pipes were fed via different channels of ascending kimberlitic melt,
which therefore disintegrated and assimilated different mantle rocks. In the Orapa A/K-
1 pipe, the Cr,05 content of Ilm has been shown to be independent of the variation of
other oxide components [35]. Two groups of Ilm are recognized in this pipe, with
average Cr,03 contents of 1.91 and 3.62 wt%, whereas the content of MgO remains
virtually constant. The Ilm nodules from the same pipe, although showing discrete
zoning in MgO and Fe,03, are found to have homogeneous Cr,05 contents. Ilm from
the Monastery pipe (South Africa) can be divided into three groups [27] based on Cr,0;
and Nb contents, while they demonstrate the same trend in terms of major components.
Thus, this feature of the behavior of Cr,05 in Ilm is common for different kimberlite
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pipes. Moore et al. [27] suggested that there was a mixing of magmas or assimilation of
host rocks in the magma chamber during Ilm crystallization. We suggest that the
assimilation of lithospheric mantle rocks by the kimberlite melt might have occurred in
the supply channel of kimberlite pipes. It appears that this peculiarity did not originate
in the asthenosphere, but rather in the different channels and modes of ascent of the
kimberlite melt, which led to the formation of the various clusters of pipes.

5.2 The presence and formation of Ilm/oxide melts

The presence of large Ilm megacrysts (up to 4 cm), their abundance (up to 3% of
the total rock volume), sometimes found in pipes, and, finally, the existence of
veinlets, Ilm lenses in deformed lherzolites (Figure 11)-all this indicates the existence
of a melt Ilm composition. A number of researchers refer to the presence of such melts
[18, 36-39]. The appearance of Ilm melts, judging by the veinlets in deformed
lherzolites, is recorded at depths corresponding to the boundary between the
asthenosphere and lithosphere. The liquidation of a high-Ti melt corresponding in
composition to Ilm in the initial asthenospheric melt was caused by deformation
processes and a change in the PT parameters during its ascent. We assume that the
latter initiated the formation of deformed lherzolites and the ascent of the astheno-
spheric melt. Ilm crystallization from the kimberlite melt continued to the later stages
of ascent and possibly during and after kimberlite emplacement into the upper crust,
as indicated by the presence of small groundmass Ilm [40, 41].

5.3 The model of Ilm crystallization

It is commonly argued that fractional crystallization is the primary mechanism
responsible for the formation of composition trends in minerals of the Cr-poor
megacryst suite [3, 4, 27, 41, 42]. Geochemical data, as well as petrographic con-
straints (e.g., the abundance of Cpx inclusions in Ilm macrocrysts and Ilm-Cpx inter-
growths), indicates that Ilm and Cpx were the final phases of Cr-poor megacryst suite
to crystallize [1, 38]. However, the Ilm composition distributions considered above
using the example of MgO-Cr,05 plots showed that they cannot be readily explained
by a process of fractional crystallization.

The features of the composition distribution of Ilm macrocrysts considered above,
the heterogeneity of the composition of both individual macrocrysts (Figures 2-6)
and polygranular megacrysts (Figure 9) were the basis for distinguishing three stages
of Ilm crystallization, which occurred at the level of (1) asthenosphere (in the primary
asthenospheric melt); (2) the lithosphere (in the melt, which changed its composition
as a result of the capture and partial assimilation of rocks by the mantle lithosphere)
and (3) the lithosphere and crust (as a result of changes in P-T-O crystallization
parameters during ascent through the lithosphere and crust.

In the first stage, crystallization of minerals of the mega crystal low-Cr association
of minerals took place, including Ilm. It is assumed that the leading crystallization
mechanism was fractional crystallization. At the same time, Ilm and Cpx crystallized
last, after Grt, Ol, and Opx.

The second stage of crystallization of Ilm occurred in a melt enriched in MgO and
Cr,0; (as a result of the assimilation of rocks of the lithospheric mantle), which was
reflected in the corresponding graphs by the formation of the left branch of the
Haggerty parabola (Figure 3a).
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During the third stage, recrystallization of macrocrysts occurred as a result of an
increase in fO, of the kimberlite melt as it ascended through the upper horizons of the
lithosphere. This stage is reflected in the formation of heterogeneity in the composi-
tion of individual grains. Recrystallization of Ilm led to a decrease in the content of
FeO and MnO with a corresponding increase in the content of MgO. Since the content
of Cr,0; remains unchanged, these changes in the composition are reflected in the
plot of MgO and Cr,0; by the formation of the right branch of the “Haggerty parab-
ola”. All three stages of Ilm crystallization occurred in different pipes (pipe clusters)
in different ways, which is primarily due to a different section of the lithospheric
mantle, with a different set of trapped and assimilated rocks of the lithospheric
mantle. The formation of other Ilm compositional distribution patterns (e.g., “Step-
like”, and “Hockey stick”) is attributed to different compositions of the entrained and
partially assimilated lithospheric mantle material, and different ascent dynamics in
each of the different kimberlite conduits (which were different for each different
kimberlite cluster). Similar Ilm compositional distributions are also typical of other
kimberlite provinces worldwide, and we infer that Ilm’s three-stage crystallization
model is responsible for these compositional distributions in all cases [4, 7-9, 27, 37].
These compositional features are attributed to the existence of a single magmatic
conduit feeding all pipes of a given cluster, and different conduits feeding different
clusters. Proto-kimberlite melt compositions evolved separately in each cluster (con-
duit) by the incorporation and partial assimilation of trapped fragments and minerals
of the lithospheric mantle rocks.

Summing up, we come to the conclusion that the differences in Ilm compositions
in individual pipes, pipe clusters are due to a different set of trapped and partially
assimilated mantle xenoliths, or local heterogeneity of the lithospheric mantle. And
thus, the similarity of Ilm compositions in the pipes of a particular kimberlite field can
serve as a key to deciphering its structure (that is, identifying pipe clusters).
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Chapter 9

Investigation of Accessory Minerals
from the Blatna Granodiorite Suite,
Bohemian Massif, Czech Republic

Milos René

Abstract

The Central Bohemian magmatic complex belongs to the Central European
Variscan belt. The granitic rocks of this plutonic complex are formed by several suites
of granites, granodiorites, and tonalites, together with small bodies of gabbros, gabbro
diorites, and diorites. The granodiorites of the Blatna suite are high-K, calc-alkaline to
shoshonitic, and metaluminous to slightly peraluminous granitic rocks. Compared to
the common I-type granites, granodiorites of the Blatna suite are enriched in Mg (1.0—
3.4 wt.% MgO), Ba (838-2560 ppm), Sr. (257-506 ppm), and Zr (81-236 ppm). For
granodiorites of the Blatna suite is assemblage of apatite, zircon, titanite, and allanite
significant. Zircon contains low Hf concentrations (1.1-1.7 wt.% HfO,). The compo-
sition of titanite ranges from 83 to 92 mol.% titanite end-member. Allanite is relatively
Al-poor and displays Fe,y ratio 0.2-0.5.

Keywords: granodiorite, I-type granite, accessory minerals, apatite, zircon, titanite,
allanite, Bohemian Massif, Central European Variscides

1. Introduction

The main carriers of rare-earth elements (REE), uranium, thorium, and zirconium
in granitic rocks are usually different accessory minerals, including apatite, zircon,
monazite, xenotime, and allanite. However, more detailed information about the
assemblage and composition of these accessories is often missing. The granitic rocks of
the Blatna suite are part of relatively bigger the Central Bohemian magmatic complex.
This magmatic complex represents one of the biggest Variscan magmatic bodies in the
Central European Variscides. This magmatic complex is formed by several suites of
granodiorites, tonalites, and granites. The Blatnd suite is represented by the Blatna
hornblende-bearing biotite granodiorites and the Cervend hornblende-biotite grano-
diorites. The accessory minerals assemblage is in a both granodiorites represented by
apatite, zircon, titanite and allanite. The presented study is concentrated on compre-
hensive petrological and geochemical description of the Blatnd suite and detailed
investigation of accessory minerals assemblage that occurred in this magmatic suite,
which is represented by the occurrence of apatite, zircon, titanite, and allanite.
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2. Geological setting

The Central Bohemian plutonic complex is a large composite magmatic body that
occurred in the central part of the Bohemian Massif between Prague and Klatovy. This
plutonic complex represents according to its mineralogical and geochemical composi-
tions the most fractionated Variscan magmatic body in the Bohemian Massif
(Figure 1). The most widespread rock types that occurred in this complex are
amphibole-biotite granodiorites accompanied by biotite granites, tonalites, and
melagranites (durbachites) [1-3]. The Blatna suite occurred in the south-west part of
magmatic complex is formed by the Blatna hornblende-bearing biotite granodiorites
and the Cervend hornblende-biotite granodiorites. Other petrographic varieties of the
Blatna suite are the Klatovy and Kozarovice granodiorites and tonalites occurring in
the southwestern part of the Central Bohemian magmatic complex (Figure 1). The
Blatnd granodiorites intruded during the Variscan magmatic event (346.7 £+ 1.6 Ma,
U/Pb TIMS analyses on zircon) [2].
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Figure 1.
Geologic map of the Central Bohemian Plutonic complex, modified from [1].
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3. Materials and methods

Detailed mineralogical and geochemical investigations of the Blatnd and Cervend
granodiorites were carried out on a representative suite of the 37 rock samples which
were taken predominantly from boreholes performed by the Czechoslovak Uranium
industry (CSUP, recently DIAMO) during their exploration activities (1978-1989) in
this area [4, 5]. The contents of major elements were determined by a standard XRF
method, using the Philips PW 1410 spectrometer at the Geochemical laboratories of the
Czechoslovak Uranium Industry (Strdz under Ralsko, Northern Bohemia). The FeO
content was measured via titration, whereas the H,O content was determined gravi-
metrically. The contents of selected trace elements were determined also by a standard
XRF method, using the Philips PW 1410 spectrometer at the chemical laboratory of the
Unigeo Brno Ltd. in Brno, Moravia. The content of U and Th was determined by gamma
spectrometry using a multichannel spectrometer at Geophysics Brno Ltd., also in Brno,
Moravia. The content of REE was quantified by inductively coupled plasma mass spec-
trometry (ICP MS) at Activation Laboratories Ltd., Ancaster, Canada, using a Perkin
Elmer Sciex ELAN 6100 ICP mass spectrometer, following standard sample preparation
procedures involving lithium metaborate/tetraborate fusion and acid decomposition. All
chemical analyses were calibrated against international reference materials.

Approximately 140 quantitative electron microprobe analyses of apatite, zircon,
allanite, titanite, and selected rock-forming minerals (plagioclase, K-feldspar, and bio-
tite) were collected from representative samples of the Blatna suite. All these minerals
were analyzed in polished thin sections. The back-scattered electron (BSE) images were
acquired to study the internal structure of mineral aggregates and individual mineral
grains. The abundances of all chemical elements were determined using a CAMECA SX
100 electron probe micro-analyzer (EPMA) operated in wavelength-dispersive mode at
the Department of Geological Sciences, Masaryk University in Brno. The accelerating
voltage and beam currents were 15 kV and 20 or 40 nA, respectively, and the beam
diameter was 1-5 pm. The peak count time was 20 s, and the background time was 10 s
for major elements. For the trace elements, the times were 40-60 s on the peaks, and
20-40 s on the background positions. The following standards, X-ray lines and crystals
(in parentheses), were used: AlK,, sanidine (TAP); CaK,, fluorapatite (PET); CeL,,
CePO, (PET); CIK,, vanadinite (LPET); DyL,, DyPO, (LLIF); ErL,, ErPO, (PET);
EuLg, (LLIF); FK,, topaz (PC1); FeK,, almandine (LLIF); GdLg, GdPO,4 (LLIF); HfM,,
Hf (TAP); KK,, sanidine (TAP); LaL,, LaPO4 (PET); MgK,, Mg,SiO, (TAP); MnK,,
spessartine (LLIF); NaK,, albite (PET); NbL,, columbite, Ivigtut (LPET); NdLg, NdPO,
(LLIF); PK,, fluorapatite (PET); PbM,, vanadinite (PET); PrLg, PrPO, (LLIF); RbL,,
RbCl (LTAP); SK,, SrSO4 (LPET); ScKa, ScPsO14 (PET); SiK,, sanidine (TAP); SmLg,
SmPO, (LLIF); SrL,, SrSO4 (TAP); TaM,, CrTa,0¢ (TAP); TbL,, TbPO, (LLIF); ThM,,
CaTh(PO,);, (PET); TiK,, anatase (PET); UMz, metallic U (PET); VKg, vanadinite
(LPET); YL, YPO, (PET); YbL,, YbPO, (LLIF); and ZrL,, zircon (TAP). The raw data
were corrected using the PAP matrix corrections [6]. The detections limits were
approximately 400-500 ppm for Y, 600 ppm for Zr, 500-800 ppm for REE, and
600-700 ppm for U and Th.

Apatite structural formula was calculated on the basis of 13 oxygen. The calcula-
tion of mineral formulas for end-member F-, Cl, and OH-apatites was performed
according to Piccoli and Candela [7]. The formula of titanite was calculated on the
basis of 1 Si as suggested by Harlov et al. [8]. Allanite formula was calculated on the
basis of 12.5 oxygen and eight cations per formula using WinEpclas software
developed by Yavuz and Yildirim [9].
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4. Results
4.1 Petrology of the Blatna suite

Granitic rocks of the Blatna suite are formed by the Blatnd hornblende-bearing
biotite granodiorites and the Cervend hornblende-biotite granodiorites. The Blatna
granodiorites are medium-grained, usually equigranular rocks. Major components of
these granodiorites are biotite (12-18 vol.%) formed by phlogopite-eastonite (Fe/

Fe + Mg 0.48-0.51, Al** 2.4-2.6 apfu (atoms per formula unit), Ti 0.20-0.43 apfu),
plagioclase (Any;_3;) (40-42 vol.%), quartz (25-28 vol.%), K-feldspar (10-17 vol.%),
and magnesiohornblende (0.2-0.7 vol.%) (Figure 2). The relatively rarely occurring
porphyric variety contains K-feldspar phenocrysts, up to 1-2 cm big. Accessory min-
erals are represented by apatite, zircon, magnetite, titanite, and rare allanite.

The Cervend granodiorites are medium-grained, equigranular to slightly porphy-
ritic rocks, containing biotite (15-17 vol.%) formed by eastonite (Fe/Fe + Mg 0.44—
0.47, Al1** 2.5-2.6 apfu, and Ti 0.28-0.38 apfu), plagioclase (Any, 40) (28-41vol.%),
quartz (22-23 vol.%), K-feldspar (9-19 vol.%), and 1-2 vol.% hornblende (magnesio-
hornblende, actinolite) (Figure 3). Accessory minerals are represented by apatite,
zircon, titanite, magnetite, and allanite. The Cervend granodiorites display, in some
cases, a strong planar fabric.

4.2 Chemical composition of the Blatna suite

The representative chemical analyses of the Blatnd suite are presented in Table 1.
These granodiorites are high-K, calc-alkaline to shoshonitic, and metaluminous to
slightly peraluminous rocks (A/CNK = mol. Al,O3/(CaO + Na,O + K;0)) = 0.8-1.2.
Compared to the common I-type granites [10, 11], these granodiorites are enriched in

Figure 2.
Microphotograph of the Blatnd granodiorite (Bt, biotite; Kfs, K-feldspar; Pl, plagioclase; Qg, quartz). Crossed
polarizers.
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Figure 3. B
Microphotograph of the Cervend granodiorite (Bt, biotite; Kfs, K-feldspar; Pl, plagioclase; Qgz, quartz). Crossed
polarizers.

Mg (1.0-3.4 wt.% MgO), Ba (838-2560 ppm), Sr. (257-506 ppm), Zr (81-236 ppm),
Th (2-32 ppm), and U (2-15 ppm).

4.3 Accessory minerals association and textures

The REE-, Zr-, and Y-bearing accessories in granodiorites of the Blatna suite are
represented by apatite, zircon, and relatively rare occurred titanite and allanite. Apa-
tite occurs usually in form of euhedral and subhedral grains (20-50 pm, rarely up to
100-120 pm) (Figure 4). Zircon usually occurs as small euhedral and subhedral grains
(10-15 pm, rarely 50-70 pm). Both minerals are usually enclosed in biotite flakes.
Apatite and zircon are sometimes zoned (Figures 5 and 6). Titanite occurs in rela-
tively bigger, 100-200 pm, subhedral to euhedral grains (Figure 7). Allanite grains are
200-600 pm large, usually euhedral, interstitially grown between major mineral
phases in the granodiorite groundmass (Figure 8). Its grains sometimes exhibit
complex growth/alteration textures (Figure 9).

4.4 Apatite composition

All analyzed apatites contain more F (3.0-4.5 wt.%) and less Cl (0.0-0.2 wt.%)
(Table 2). Their content of Fe (0.02-0.27 wt.% FeO) and Mn (0.02-0.12 wt.% MnQO)
are low. Their contents of sulfur and natrium are also low (0.01-0.28 wt.% SO3,
0.01-0.09 wt.% Na,O). The concentrations of U and Th in analyzed apatite are low
(0.01-0.09 wt.% UO,, 0.01-0.05 wt.% ThO,). The concentrations of REE and Y are
usually under microprobe detection limits. In analyzed apatite, grains were found
La/Y ratios from 0.0 to 0.4. Zonation of analyzed apatites, that could be observed in
the backscattered images (BSE) is very rare and is coupled with different concentra-
tions of Y and REE. Light parties of analyzed apatite grain are enriched in Y (0.31 wt.
% Y,053) and REE (0.13 wt.% Ce,03) (Figure 5).
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Sample R-704 R-708 R-782 R-794
Locality Nahosin Nahosin Mecichov Mecichov
Rock wt Biotite Biotite Amphibole-biotite Amphibole-biotite
% granodiorite granodiorite granodiorite granodiorite
SiO, 69.52 68.50 63.38 63.26
TiO, 0.60 0.64 0.71 0.67
ALO; 15.66 15.59 16.02 16.28
Fe,05 0.01 0.26 0.80 0.83
FeO 2.08 2.45 3.55 3.46
MnO 0.04 0.05 0.07 0.07
MgO 1.27 1.47 2.65 2.65
CaO 1.98 2.40 3.25 3.45
Na,O 3.26 3.12 3.06 3.25
K,O 4.20 3.86 4.11 3.89
P,0s 0.30 0.30 0.26 0.22
H,0* 0.83 0.72 0.86 0.64
H,0™ 0.00 0.02 0.20 0.00
CO, 0.14 0.19 0.14 0.00
Total 99.89 99.57 99.06 98.67
A/CNK 1.26 1.14 1.04 1.03
ppm
Ba 1165 1167 1562 1284
Rb 161 160 101 105
Sr 410 421 466 261
Nb 11 9 11 14
Zr 150 170 223 195

23 21 29 29

9 9 8 8
Th 18 21 15 13

Table 1.

Representative chemical analyses of granodiorites.

4.5 Zircon composition

The analyzed zircons contain low Hf concentrations (1.1-1.7 wt.% HfO,)
(Table 3). The proportion of the hafnium end member indicated by atomic ratio
Hf/(Zr + Hf) varies from 0.010 to 0.015 (Figure 10). The concentration of Y in
analyzed zircon is partly variable and varies from 0.01 to 0.43 wt.% Y,03. All ana-
lyzed zircons display lower concentrations of U (0.03-0.49 wt.% UO,) and Th
(0.01-0.19 wt.% ThO,).
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Figure 4.
Back-scattered electron (BSE) image of allanite from the Blatnd granodiorite (Aln, allanite; Ap, apatite; Bt,
biotite; Kfs, K-feldspar; Pl, plagioclase; Qz, quartz).

Figure 5. .
BSE image of zoned apatite from the Cervend granodiorite.

4.6 Titanite composition

The composition of titanite ranges from 83 to 92 mol.% titanite end-member
(Table 4). The Al and Fe** contents range from 0.06 to 0.16 apfu and from 0.01 to
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Figure 6. B
BSE image of zoned zircon from the Cervend granodiorite.

Figure 7. 5
BSE image of titanite (Ttn) from the Cervend granodiorite.

0.04 apfu, respectively. Analyzed titanites show Al + Fe>* excess over F. This excess
indicates the occurrence of the coupled substitution of Al + Fe’ (Figure 11). The
content of (Al + Fe**)-F component ranges from 6 to 13 mol.%. The content of

(Al + Fe**)-OH component is lower and ranges from 0 to 5 mol.%. The content of REE
in analyzed titanites is usually low, however the content of Ce,03 ranges from 0.11 to
0.33 wt.% and content of Nd, O3 ranges from 0.02 to 0.30 wt.%.
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Figure 8.
BSE image of allanite from the Blatnd granodiorite (Aln, allanite; Bt, biotite; Kfs, K-feldspar; Qz, quartz).

Figure 9.
BSE image of altered allanite from the Blatnd granodiorite (Aln, allanite; Bt, biotite; Py, pyrite).

4.7 Allanite composition

The originally magmatic allanite contains 31.4-32.4 wt.% SiO,, 10.3-13.3 wt.%
Ca0, 9.8-15.1 wt.% FeO, 0.1-2.7 wt.% ThO,, and 17.5-23.2 wt.% REE,O; (Table 5).
Analyzed allanites are relatively enriched by Mn, containing 0.23-0.65 wt.% MnO. All
analyzed allanites display variable distribution of REE, with the preference of Ce over
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Sample R-704-5 R-712-44- R-782-6 R-782-7 R-981-10
Locality Nahosin Nahosin Mecichov Mecichov Mecichov
Rock wt.% Blatna Blatna Cervend Cervend Cervend
SO, 0.03 0.01 0.02 b.d.L b.d.L
P,05 40.95 41.40 40.54 40.89 40.67
SiO, 0.81 0.48 0.07 0.45 0.12
La,05 b.d.l 0.08 b.d.l 0.02 0.04
Cey03 0.18 0.26 0.02 0.13 0.04
Pr,03 0.14 0.13 b.d.l b.d.l b.d.l
Nd,0; 0.16 0.27 0.03 0.12 0.08
Sm, 05 0.17 0.11 0.03 0.06 b.d.l
Gd,03 0.15 0.07 0.04 0.13 b.d.l
Dy,03 0.07 0.08 0.02 0.01 b.d.L
Er,03 0.05 0.05 0.05 0.06 b.d.l
Y,03 0.63 0.38 0.05 0.31 0.08
ThO, 0.01 0.03 0.04 b.d.L b.d.L
U0, 0.04 0.07 b.d.l b.d.l b.d.l
Ca0 53.74 53.82 55.55 54.50 56.06
FeO 0.13 0.13 0.12 0.19 0.01
MnO 0.02 0.08 0.04 0.07 0.03
SrO b.d.L b.d.l 0.02 0.04 b.d.l
Na,O 0.05 0.02 b.d.l b.d.l 0.08
SO; 0.03 0.01 0.02 b.d.L b.d.L
F 3.71 3.57 3.14 3.09 3.46
Cl 0.02 0.02 0.08 0.05 0.14
O=F,Cl 1.57 1.51 1.34 131 1.49
Total

XFap 0.985 0.948 0.834 0.820 0.919
Xcap 0.003 0.003 0.012 0.007 0.021
XoHap 0.012 0.049 0.154 0.173 0.060

b.d.l., below detection limit.

Table 2.
Representative microprobe analyses of apatite.

La. Cerium is thus the predominant lanthanide, thus these allanites could be
classified as allanite-(Ce). On the plot proposed by Petrik et al. [12], the analyzed
allanites are located between allanite and ferriallanite (Figure 12). The Al values
range between 1.44 and 2.12 apfu. It can be also observed, that the individual
points are located between isolines 0.2 and 0.5 Fe,y = Fe3*/(Fe* + Fe?*). The values
of these points calculated by the method Armbruster et al. [13] are partly lower
(0.18-0.43).
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Sample R-704-1 R-704-2 R-704-15 R-782-3 R-977-15
Locality Nahosin Nahosin Nahosin Medéichov Medéichov
Rock wt.% Blatna Blatna Cervend Cervend Cervend
Si0, 32.51 32.34 32.63 32.47 32.23
ALO; 0.01 b.d.l b.d.l b.d.l 0.01
ZrO, 64.92 64.15 64.61 66.36 65.82
HfO, 1.22 1.20 1.47 1.23 1.39
CaO 0.04 0.06 0.02 0.03 0.01
FeO b.d.l 0.11 0.24 0.05 0.32
P,0s 0.11 0.10 0.06 0.01 b.d.l
Sc,03 0.01 0.03 0.04 0.04 b.d.l.
Y,0; 0.23 0.37 0.21 b.d.L b.d.l
La,03 0.04 0.01 b.d.L b.d.l b.d.l
Ce,03 0.05 0.05 b.d.L 0.06 b.d.l
Dy,03 0.05 0.10 0.05 0.01 0.01
Er,0; 0.04 0.10 0.02 0.06 0.06
Yb,0; 0.09 0.05 0.01 0.05 0.01
U0, 0.20 0.25 0.23 0.19 0.18
ThO, 0.02 0.11 0.12 0.07 0.04
Total 99.54 99.03 99.71 100.63 100.08
apfu, 0 = 4

Si 1.002 1.003 1.005 0.994 0.993
Al 0.000 0.000 0.000 0.000 0.000
Zr 0.970 0.970 0.970 0.990 0.988
Hf 0.011 0.011 0.013 0.011 0.012
Ca 0.001 0.002 0.001 0.001 0.000
Fe 0.000 0.003 0.006 0.001 0.008
P 0.003 0.003 0.002 0.000 0.000
Sc 0.000 0.001 0.001 0.001 0.000
Y 0.004 0.006 0.003 0.000 0.000
La 0,000 0.000 0.000 0.000 0.000
Ce 0.001 0.001 0.000 0.001 0.000
Dy 0.000 0.001 0.000 0.000 0.000
Er 0.000 0.001 0.000 0.001 0.001
Yb 0.001 0.000 0.000 0.000 0.000
U 0.001 0.002 0.002 0.001 0.001
Th 0.000 0.001 0.001 0.000 0.000

b.d.l., below detection limit.

Table 3.
Representative microprobe analyses of zircon.
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Figure 10.
Chemical composition of zircon from granodiorites of the Blatnd suite.

The altered allanites are enriched in Si (40.6-42.0 wt.% SiO, and Th (3.1-6.4 wt.%
ThO,), depleted in Fe (2.2-4.2 wt.% FeO) and Ca (5.8-8.6 wt.% CaO). The altered
allanites display also a lower total analytical sum, which indicate postmagmatic
alterations.

5. Discussion
5.1 Fractionation of the Blatna suite

The high-K calc-alkaline to shoshonitic granitic rocks of the Blatna suite could be
classified as hybrid H-granites in the sense of granite classification proposed by Castro
et al. [14]. According to the primary Rb/Sr. ratio and the Nd-isotope ratios, the origin
of this suite could be coupled either by mixing of different magmas with distinct
isotopic features and/or by crustal contamination of more basic magmas. According to
some other interpretation, granitic rocks of the Blatna suite are products of fraction-
ation mantle-derived magmas and their mixing with relatively heated metamorphic
rocks of the Moldanubian Zone [15]. The recently preferred explanation of the Blatna
suite origin is coupled with remelting of a heterogeneous earth crust composed of
immature greywackes rich in the Cambrian volcanogenic detritus [2]. An additional
important process was variable mixing with slightly enriched mantle-derived
monzonitic magmas, which also may have supplied the extra heat needed for the
crustal anatexis [1].

5.2 Substitution in apatite

There are systematic and distinctive differences in Fe, Mn, REE, F, and Cl contents
in apatites from I- and S-type granitic rocks [7, 16]. For I-type, granitic rocks are
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Sample R-704-10 R-704-12 R-712-52 R-782-1 R-782-10
Locality Nahosin Nahosin Nahosin Mecichov Mecichov
Rock wt.% Blatna Blatnd Blatna Cervend Cervend
SiO, 30.38 30.63 30.36 31.09 30.93
TiO, 37.42 36.23 36.70 35.60 34.68
Nb,0s 0.42 0.24 0.10 0.31 0.05
Tay05 0.03 b.d.l 0.11 0.08 0.03
ALO; 1.50 2.07 211 2.36 4.30
FeO 0.64 0.87 0.62 0.42 0.52
MnO 0.09 0.07 0.07 0.07 0.02
Ca0 28.68 28.77 29.26 28.15 29.05
MgO b.d.lL 0.01 0.01 b.d.l 0.03
Na,O 0.02 0.03 0.01 0.02 0.02
K0 0.02 b.d.l b.d.l b.d.l 0.02
La,03 b.d.L b.d.L b.d.l b.d.L b.d.l
Ce,03 0.18 0.12 0.16 0.20 0.14
Pr,05 b.d.l. 0.02 0.01 b.d.l 0.08
Nd,05 0.11 0.03 b.d.l 0.13 b.d.L
Y,03 0.09 0.09 0.11 0.28 0.02
ZrO, 0.03 0.02 b.d.l b.d.l b.d.l
ThO, 0.05 b.d.L b.d.l 0.06 b.d.l
V,03 0.39 0.17 0.24 0.25 0.19
F 0.71 0.84 0.63 0.80 1.33
O=F 0.30 0.35 0.27 0.34 0.56
Total 100.83 100.37 100.57 99.87 101.47
Si 1.000 1.000 1.000 1.000 1.000
Ti 0.926 0.890 0.909 0.861 0.843
Nb 0.006 0.004 0.001 0.005 0.001
Ta 0.000 0.000 0.001 0.001 0.000
Al 0.058 0.080 0.082 0.089 0.164
Fe** 0.018 0.024 0.017 0.011 0.014
Mn 0.003 0.002 0.002 0.002 0.001
Ca 1.011 1.006 1.033 0.970 1.006
Mg 0.000 0.000 0.000 0.000 0.001
Na 0.001 0.002 0.001 0.001 0.001
K 0.001 0.000 0.000 0.000 0.001
La 0.000 0.000 0.000 0.000 0.000
Ce 0.002 0.002 0.002 0.002 0.002
Pr 0.000 0.000 0.000 0.000 0.001
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Sample R-704-10 R-704-12 R-712-52 R-782-1 R-782-10
Locality Nahosin Nahosin Nahosin Mecichov Mecichov
Rock wt.% Blatna Blatna Blatna Cervend Cervend
Nd 0.001 0.000 0.000 0.001 0.000
Y 0.002 0.002 0.002 0.005 0.000
Zr 0.000 0.000 0.000 0.000 0.000
Th 0.000 0.000 0.000 0.000 0.000
v 0.010 0.004 0.006 0.006 0.005
F 0.074 0.087 0.066 0.081 0.136
OH 0.002 0.017 0.033 0.019 0.042
X(Ttn) 0.92415 0.89537 0.90179 0.89594 0.82566
X(AlFe* -F) 0.07385 0.08753 0.06548 0.08429 0.13320
X(AlFe**-OH) 0.00200 0.01710 0.03274 0.01977 0.04114
b.d.l., below detection limit.
Table 4.
Representative microprobe analyses of titanite.
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Figure 11.

Chemical composition of titanite from granodiorites of the Blatnd suite.

significant a lower content of Fe and Mn, higher contents of LREE, and lower content
of Y [17]. The content of Fe in analyzed apatites is 0.02-0.27 wt.% FeO and content of
Mn in these apatites is 0.03-0.12 wt.% MnO. The increase of Mn content in apatites
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Sample R-704-27 R-704-28 R-704-35 R-977-26
Locality Nahosin Nahosin Nahosin Mecichov
Rock wt.% Blatna Blatna Blatna Cervend
Sio, 31.44 31.43 31.85 32.53
TiO, 1.10 1.18 1.64 0.39
ALO; 13.80 13.64 15.19 19.59
FeO 15.14 15.03 12.85 9.77
MnO 0.53 0.41 0.47 0.35
MgO 1.45 1.41 1.15 0.68
Ca0 10.74 10.93 11.05 13.83
Na,O 0.06 0.01 0.06 b.d.l
La,03 6.18 6.39 3.04 3.32
Ce,03 11.49 11.58 9.83 8.65
Pr,03 1.14 1.14 1.46 1.02
Nd,05 3.56 3.66 5.95 4.42
Sm,03 0.31 0.29 0.91 0.62
Gd,03 0.21 0.08 0.53 0.42
Tb,05 b.d.l 0.05 0.08 0.04
Y503 0.16 0.13 0.52 0.31
ThO, 0.80 0.82 1.93 0.06
uo, 0.04 0.04 0.09 0.03
F 0.25 0.21 0.17 0.08
O=F 0.11 0.09 0.07 0.03
Total 98.30 98.34 98.70 96.22
apfu, O = 12.5

Si 2.992 2.998 3018 2.986
Al(IV) 0.008 0.002 0.,000 0.014
Total-T-site 3.000 3.000 3.018 3.000
Ti 0.079 0.085 0.117 0.027
AlL(VI) 1.540 1.531 1.696 2.106
Fe** 0.482 0.452 0.184 0.216
Fe** 0.693 0.731 0.834 0.534
Mn** 0.000 0.000 0.006 0.024
Mg 0.206 0.201 0.162 0.093
Total-M-site 3.000 3.000 3.000 3.000
Mn** 0.043 0.033 0.032 0.003
Fe®* 0.030 0.016 0.000 0.000
Ca 1.095 1117 1122 1.360
Na 0.011 0.002 0.011 0.000
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Sample R-704-27 R-704-28 R-704-35 R-977-26
Locality Nahosin Nahosin Nahosin Mecichov
Rock wt.% Blatna Blatna Blatna Cervend
REE 0.803 0.814 0.774 0.635
Th 0.017 0.018 0.042 0.001
U 0.001 0.001 0.002 0.001
Total-A-site 2.000 2.000 1.982 2.000
F 0.075 0.063 0.051 0.023
Fox. 0.40 0.38 0.18 0.29

b.d.l., below detection limit.

Table 5.

Representative microprobe analyses of allanite.
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Figure 12.

The plot of total REE + Y + Th + Mn vs. Al contoured with isolines of the ratio F,, = Fe**/(Fe** + F&’*)
illustrating the chemical velationships in the system allanite-ferriallanite-epidote-clinogoisite according Petrik
etal [12].

from S-type granitic rocks is a function of an increase of Mn/Fe and Mn/Ca ratios with
fractionation [16]. The La/Y ratio in analyzed apatites is 0.01-0.40. This ratio is partly
comparable with the La/Y ratio for I-type granitic rocks (0.2-3.25) according to Sha
and Chappell [17].

5.3 Substitution in zircon

The most common trace element in zircon is hafnium. The HfO, contents in
granitic rocks usually range from 0.5 to 9.9 wt.%, with a median of 1.5 wt.% [18]. In
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similar granitic rocks from the Bohemian Massif, their contents usually range between
0.8 and 2.2 wt.% HfO, [19, 20]. The content of Y in zircon from granitic rocks is
usually 0.2-0.7 wt.% Y,03 [21]. In similar, biotite granites that form the Moldanubian
batholith zircon contains 0.1-0.9 wt.% Y,03 [19]. The content of ThO, in F-low
biotite granites from the Krus$né Hory/Erzgebirge batholith is partly higher (up to

1.3 wt.% ThO,) [20], whereas its content in zircon from two-mica granites of the
Moldanubian batholith is similar (0.01-0.2 wt.% ThO,) [19].

5.4 Substitution in titanite

Titanite is, according to the variability of its chemical composition, suggested as a
highly sensitive indicator of oxygen and water fugacity [22-24]. The chemical com-
position of analyzed titanite shows that the substitution (Al, Fe**) + F = Ti** O is the
most significant in analyzed titanites. According to their F, Al, and Fe3* concentra-
tions, the analyzed titanites could be considered as low-Al titanites, according to
Oberti et al. [25]. Their low F and Al content could be well compared with the
contents of both elements in similar magmatic titanites [26].

5.5 Substitution in allanite

For allanite, two main substitutions occur, namely the epidote-allanite and the
allanite-ferriallanite substitutions [27, 28]. For analyzed allanites from granodiorites
of the Blatna suite, the allanite-ferriallanite substitution is significant. In the other
Variscan granitic rocks from the Bohemian Massif allanite was found in some granites
and granodiorites of the Moldanubian batholith [29] and from lamprophyres of the
KrkonoSe-Jizera composite pluton [30]. Allanites from both magmatic bodies display
similar chemical compositions and also similar values of Fe,, = 0.3-0.5.

6. Conclusions

The granodiorites of the Blatnd suite contain 12-18 vol.% of biotite, 28-42 vol.%
plagioclase, 22-28 vol.% quartz, 9-19 vol.% K-feldspar, and 0.2-1.2 vol.% hornblende.
These granodiorites are high-K, calc-alkaline to shoshonitic rocks.

The REE-, Zr-, and Y-bearing accessories in granodiorites of the Blatna suite are
represented by apatite, zircon, and relatively rare occurred titanite and allanite. All
analyzed apatites contain more F (3.0-4.5 wt.%) and less Cl (0.0-0.2 wt.%). Apatite
zonation is very rare and coupled with different concentrations of Y and REE. The
analyzed zircons contain low Hf concentrations (1.1-1.7 wt.% HfO,). The composition
of analyzed titanite ranges from 83 to 92 mol.% titanite end-member. The analyzed
allanites display variable distribution of REE, with the preference of Ce over La.
Allanite is relatively Al-poor and displays Fe,, ratio 0.2-0.5.
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Chapter 10

Mineralogy of Peralkaline Silicic
Volcanics: Information from Kone
Volcano, Ethiopian Rift Valley

Dereje Ayalew and Bekele Abebe

Abstract

The presented paper described in detail the mineralogy of silicic peralkaline
eruptives from Kone volcano within the Ethiopian rift system, which is formed
predominantly by rhyolite with some small occurrence of trachyte. The majority
of eruptive rocks in the Kone volcanic area are phenocryst-poor. The studied rocks
contain alkali feldspars (anorthoclase and sanidine), quartz, clinopyroxene
(hedenbergite), aenigmatite and olivine (fayalite), accompanied by rare Fe-To
oxides (ilmenite) and apatite. All these minerals are described in detail. These data
are very interesting for all researchers, who study similar eruptive rocks.

Keywords: comendite, Ethiopia, Kone, rift

1. Introduction

The Ethiopian rift valley, forming a part of the East African rift system, is the
largest active continental rift on Earth (Figure 1). This rift shows transitional
character between continental rift and seafloor spreading [1] as it is underlain by
thinned crust intruded by mafic dykes. The Ethiopian rift is characterized by numer-
ous volcanic centres most of which are still active as evidenced by strong fumarolic
activity and episodes of deformation, such as rapid uplift [2]. Kone is one of these
silicic volcanic edifices.

Kone volcano (also previously known as Gariboldi volcano [3, 4]) is composed of
a series of silicic cones with a summit caldera. It is located (8.8 N, 39.69 E) at the end
of the Ethiopian rift valley, near the junction with Afar depression (Figure 1). Kone
covers an area of 250 km”. The caldera is elliptical in shape (5 x 7.5 km wide structure)
trending E-W [5, 6]. The rim of the caldera rises about 100 m above the caldera floor.
The summit of the volcano has an elevation of 1619 m above mean sea level. Roughly
N-S-trending regional normal faults and fissures, forming a part of the Wonji fault
belt, cut across the caldera and its flanks, especially the eastern side of the volcano.

Despite their petrological and volcanological interest, there is very little pub-
lished data on the mineralogy of peralkaline silicic volcanics. Here, we present
electron microprobe analyses for comendites of Kone volcano within the Ethiopian
rift valley (Figure 2). The aim of this paper is to document in detail the phenocryst
compositions of cemendites.
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Simplified geological map of Kone volcano and its surroundings.
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2. Geologic background

Volcanic activity commenced around 45 Ma in southern Ethiopia [7], resulting in
volumetrically significant basaltic flows and associated rhyolites. Nevertheless, the
peak of magmatism had occurred c. ~30 Ma ago, resulting from the impinging Afar
mantle plume at the base of the Ethiopian lithosphere and leading to flooding basalt
eruptions in Ethiopia and Yemen [8]. The Yemen plateau basalts were united to their
Ethiopian counterparts prior to the opening of the Red Sea basin. At ~25 Ma continen-
tal rifting commenced in the southern Red Sea [9]. In Southern Ethiopia, extension
began ~18 Ma ago [10] and was accompanied by basaltic magmatism, active for about
seven to eight million years [7]. The southern Ethiopian rift propagated northward,
reaching the present central MER ~14 Ma ago and ultimately joining the southern
Red Sea rift ~11 Ma ago [11]. Contemporaneously to the connection between the main
Ethiopian and Red Sea rifts, a flood basalt event occurred in this area. Beginning in the
late Miocene and continuing throughout the Pliocene, silicic volcanic centres emerged
from the rift floor [6]. Progressive weakening of the lithosphere in Afar, associated
with heating and the thermomechanical erosion of the lower crust generated by the
Afar mantle plume, resulted in the onset of oceanic rifting at 5.3 Ma [9]. Oceanic rift-
ing is still active in Afar, whereas it has not commenced in the MER yet [11].

The Pliocene-Pleistocene boundary was marked by a change in the stress field,
giving rise to oblique rifting [12]. Since then, an extension has been localized in nar-
row (50 km long, maximum 20 km wide) en-echelon arranged segments on the rift
floor [6], with a system of bounding faults that are referred to as the Wonji Fault Belt
[12]. Moreover, these segments have been the locus of volcanic activity throughout
the Quaternary and are thus referred to as magmatic segments by [6]. Volcanic activ-
ity associated with the magmatic segment was initially characterized by large volumes
of felsic lavas. When these faults reached the upper mantle in recent times, basaltic
volcanism commenced [12]. At present, volcanic activity within the magmatic seg-
ment is dominated by fissural basalt eruptions [1, 6].

3. Eruptions at Kone volcano

Volcanological investigation reveals that three silicic eruptive episodes have
occurred at Kone volcano [3, 4, 13, 14], followed by a basaltic phase (Figure 2). The
first eruptive phase produced lavas, forming the main topographic expression of the
volcano. The second phase of activity formed ignimbrite outflow sheets. The third
silicic eruptive phase built widespread pumice deposits, varying in thickness from
50 cm to over 20 m. A separate, recent basalt eruption, erupted during the first half of
the 19th century, formed cinder cones and associated lava flows inside and outside the
caldera [15].

4. Analytical methods

Phenocryst and glass matrix compositions were determined by electron microprobe
at Université de Loraine (Nancy, France). Prior to analyses, samples were coated with
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a thin film of carbon. Analytical conditions were an accelerating voltage of 15 kV, a
probe current of 20 nA, and a beam spot diameter of 5 pm.

5. Mineralogy of Kone silicic eruptives

Kone volcano is predominantly rhyolite in composition with minor trachyte [13].
The majority of kone eruptive rocks are phenocryst-poor with total modal contents
of <6%. Given the textural diversity of Kone silicic volcanics (lava, ignimbrite and
pumice) we have only selected samples from the first phase (lava) and second phase
(ignimbrite) eruptives to illustrate the mineralogy of the silicic melt. The dominant
mineral assemblage, with decreasing order of abundance, is alkali feldspar, quartz,
clinopyroxene, aenigmatite and olivine, accompanied by rare Fe-Ti oxides and apatite.

Alkali feldspar is overwhelmingly the most abundant phenocryst and forms tabu-
lar crystals. Most of the crystals are fragmented. Quartz occurs as rounded micro-
phenocrysts. Clinopyroxene forms euhedral to subhedral pale green crystals. The
Na-Fe-Ti silicate aenigmatite is a distinctive phenocryst constituent, recognized by its
blood-red to black pleochroism. Olivine occurs as colorless, partly resorbed grains.
Fe-Ti oxides form discrete equant crystals, but more commonly occur as inclusions
within clinopyroxene. Small euhedral apatite prisms are a common accessory mineral.
Quartz and alkali feldspar are common groundmass phases.

Sample 7C. 7C: 11B 5D 4A 4A 4A,, 3An, 3A 3An
Si0o, 67.69 66.64 67.00 67.28 6778 6757 6793 6732 67.65 6790
ALO; 18.16 17.85 17.86 19.07 18.69 18.30 18.43 18.30 18.65 1796
FeO 0.63 1.30 0.97 041 0.61 042 0.64 0.86 0.47 0.69
CaO 0.00 0.00 0.01 0.04 0.01 0.02 0.04 0.00 0.06 0.00
Na,O 799 6.93 7.10 8.21 7.59 7.85 765 7.29 8.29 6.93
K0 539 731 7.03 4.99 5.80 6.19 6.34 6.55 4.80 6.90
Total 99.87  100.03 99.97 99.99 10049  100.34 101.03 10031 99.93 100.38

Structural formula (8 oxygen)

Si 3.02 3.01 3.01 2.99 3.01 3.01 3.01 3.01 3.01 3.03
Al 0.96 0.95 0.95 1.00 0.98 0.96 0.96 0.96 0.98 0.94
Fe 0.02 0.05 0.04 0.02 0.02 0.02 0.02 0.03 0.02 0.03
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.69 0.61 0.62 0.71 0.65 0.68 0.66 0.63 0.71 0.60
K 0.31 042 0.40 0.28 0.33 0.35 0.36 0.37 0.27 0.39
Total 5.00 5.03 5.02 5.00 4.99 5.02 5.01 5.01 4.99 499
%An 0.00 0.00 0.05 0.17 0.07 0.09 0.19 0.02 0.30 0.00
%Ab 69.27 59.02 60.51 7132 66.50 65.76 64.61 62.84 72.18 60.40
%Or 30.72 40.98 39.44 28.50 3343 34.15 35.20 3714 27.52 39.60

The symbol C, R and M represent core, vim and matrix, respectively.

Table1.
Composition of alkali feldspar from Kone silicic eruptives.
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Phenocryst compositions of Kone silicic volcanics are reported in Tables 1-4.
Compositions of alkali feldspar span the anorthoclase-sanidine boundary (Figure 3a).
There is no notable compositional variation between individual samples
(Table 1). Zoning is uncommon. Where present is usually normal, whereby the
rim is richer in K,O than the core (Table 1). Microlites of alkali feldspar have
slightly more potassic composition than the alkali feldspar phenocrysts. It is note-
worthy that analyses of alkali feldspar matrix are broadly comparable to those of
alkali feldspar phenocryst rim. Clinopyroxene is generally hedenbergite (Figure 3b).
Hedenbergite is essentially unzoned (Table 2). Aenigmatite shows very restricted
variation in TiO,, FeO and Na,O (Table 3). Olivine appears almost pure fayalite and

Sample 7C 11B 5D 4A 3A

Sio, 50.08 49.09 4764 48.73 49.26
ALO; 0.18 0.11 013 0.10 0.13
TiO, 0.41 0.34 044 0.21 0.23
FeO 28.46 28.95 2913 28.26 28.87
MnO 1.29 113 1.69 148 133
MgO 040 0.69 1.06 177 0.70
Ca0 15.44 15.87 18.39 1779 16.19
Na,O 3.65 3.30 151 144 2.86
K0 0.00 0.00 0.00 0.00 0.00
TOTAL 100.18 99.47 100.02 99.86 99.59

Structural formula (6 oxygen)

Si 2.01 1.98 1.94 1.98 2.00
AIY 0.00 0.01 0.01 0.00 0.00
T 2.01 1.99 1.95 1.99 2.00
At 0.01 0.00 0.00 0.00 0.00
Fe* 0.24 0.27 0.20 0.13 0.21
Ti 0.01 0.01 0.01 0.01 0.01
Mg 0.02 0.04 0.06 0.11 0.04
Fe** 0.71 0.71 0.79 0.82 0.76
Mn 0.04 0.04 0.06 0.05 0.05
M1 1.05 1.07 113 113 1.07
Ca 0.66 0.69 0.80 0.77 0.70
Na 0.28 0.26 0.12 011 0.22
K 0.00 0.00 0.00 0.00 0.00
T+ M1+ M2 4.00 4.00 4.00 4.00 4.00
%En 143 2.37 336 5.67 2.39
%Fs 59.15 58.21 54.74 53.38 57.84
%Wo 3942 39.42 41.90 40.95 39.77
Table 2.

Composition of clinopyroxene in Kone silicic volcanics.
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Sample 7C 11B 3Ac 3Ag 3Ay
Si0, 41.20 41.29 40.56 51.406 50.777
ALO, 0.36 0.19 0.4673 0.1813 0.0887
TiO, 8.56 873 8.8818 2.2242 13667
FeO 4118 41.02 41,664 31.074 29.278
MnO 142 1.07 11592 1.231 19151
MgO 0.23 0.30 0.238 0.5307 1.4578
Ca0 0.29 0.20 0.3953 0.3743 0.6536
Cr,03 0.00 0.01 0.0002 0.0002 0.0078
NiO 0.00 0.09 0.0745 0.0062 0.0002
Na,0 719 7.01 70118 57041 6.6961
K,0 0.00 0.00 0.0001 1526 1.4608
Total 100.44 99.894 100.45 94.258 93.702
Structural formula (6 oxygen)

Si 1.6794 1.695 1.6576 21756 2123
AlY 0.0175 0.009 0.0225 0 0

T 1.6969 1.7039 16801 21756 2123
AlY! 0 0 0 0.009 0.0044
Fe** 0.6677 0.6195 0.672 0.0486 0.2842
Ti 0.2623 0.2695 0.273 0.0708 0.043
Cr 6E-06 0.0002 6E-06 7E-06 0.0003
Ni 3E-06 0.0028 0.0024 0.0002 7E-06
Mg 0.0139 0.0183 0.0145 0.0335 0.0908
Fe* 0.7292 0.7821 0.745 1.0507 0.7366
Mn 0.0492 0.0373 0.0401 0.0441 0.0678
M1 17222 1.7298 1.747 1257 1.227
Ca 0.0125 0.0086 0.0173 0.017 0.0293
Na 0.5685 0.5576 0.5556 0.4681 0.5428
K SE-06 5E-06 5E-06 0.0824 0.0779
T+ M1+ M2 4.00 4.00 4.00 4.00 4.00

The symbol C, R and M represent core, rim and matrix, respectively.

Table 3.

Compositions of aenigmatite from Kone silicic eruptives.

has a high content of MnO (4.33 wt.%, Table 4), which is a characteristic feature
of peralkaline rhyolites [16]. Fe-Ti oxides are essentially ilmenite (Table 4). It is
noteworthy that similar phenocryst and groundmass mineralogies occur.
Matrix glass has a rhyolite composition with SiO, content of 69.3 wt.% (Table 4).
It has high K,0 content (5.7 wt.%), but extremely low Na,O content (2.6 wt.%). The

low Na,O content may be due to deutric mobilization.

192



Mineralogy of Peralkaline Silicic Volcanics: Information from Kone Volcano, Ethiopian Rift Valley

DOI: http://dx.doi.org/10.5772/intechopen.102677

Sample 5D Sample 5D 4A/5-2 4A/3-2 5D
Fayalite Ilmenite Ilmenite Apatite Glass

No 34 Si02 0.00 0.03 3.26 69.28
Sio2 29.07 A1203 0.00 0.00 0.00 9.62
FeO 64.98 TiO2 56.20 51.85 0.00 0.57
MnO 433 FeO 39.70 44.04 091 6.84
MgO 0.74 MnO 2.70 2.08 0.06 0.27
CaO 0.35 MgO 0.11 0.00 0.00 0.02
Total 99.47 Cao 0.07 0.05 46.84 0.03
Na20 0.02 0.00 040 2.59

K20 0.01 0.00 0.00 5.70

P205 0.00 0.01 2971 0.00
Total 98.79 98.06 81.18 94.90

Table 4.

Compositions of olivine, ilmenite, apatite and glass matric in Kone silicic eruptives.

%An

%Ab (a) %Or
%Wo
A2 AV2 A2 AV2 V AV2 AV2 AV2 AV2
%En %Fs
(b)

Figure 3.

Compositional ranges for alkali feldspar (a) and Ca-rich clinopyroxene (b) in silicic volcanics of Kone volcano.
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6. Peralkaline affinity of Kone silicic volcanics

Kone silicic eruptives are characterized by the phenocryst assemblage of alkali
feldspar, quartz, hedenbergite, aenigmatite and fayalite. This assemblage is accompa-
nied by rare ilmenite and apatite. The appearance of aenigmatite in silicic volcanics
has been attributed to reflect a peralkaline affinity [17]. Peralkaline magmas likely
form when fractional crystallization removes a high proportion of plagioclase relative
to mafic minerals [18]. The coexistence of aenigmatite and hednbergite is thought
to be a typical feature of the mildly peralkaline silicic rocks such as comendite and
trachycomendite [19].

The presence of quartz as a major phenocryst phase in Kone silicic volcanics
indicates an advanced stage of fractionation (i.e., the more SiO,-rich magma).
Furthermore, the SiO, content of the glass matrix (69.3 wt.%, Table 4) shows a
rhyolite composition. Thus, the phenocryst mineralogies reflect the SiO, content of
the magma from which they crystallized. On this basis, the alkali feldspar + hedenber-
gite + aenigmatite + fayalite assemblage only crystallizes in the most evolved magmas
(rhyolites) with the appearance of quartz as a phenocryst phase.

On the basis of the mineral assemblage, the Kone silicic volcanics can be regarded
as more mildly peralkaline rhyolite (comendite) as evidenced by the appearance of
hedenbergite, which appears to cease crystallizing in strongly peralkaline rhyolite
(pantellerite), generally coinciding with the crystallization of aegirine or aegirine-
augite [19]. This is probably related to the low fO,, at or close to FMQ, at which the
magmas evolve [20]. We conclude that the alkali feldspar + quartz + hedenbergite +
aenigmatite + fayalite assemblage is essentially restricted to the mildly peralkaline
rhyolite (comendite), but close to the comendite-pantellerite boundary as crystalliza-
tion of aenigmatite is restricted to pantellerite [16].

7. Conclusions

Kone silicic eruptives are characterized by the phenocryst assemblage of alkali
feldspar (anorthoclase and sanidine), quartz, hedenbergite, aenigmatite and fayalite,
accompanied by rare ilmenite and apatite. The existence of aenigmatite is a typical
feature of the peralkaline silicic rocks. We conclude that the alkali feldspar + quartz +
hedenbergite + aenigmatite + fayalite assemblage is essentially restricted to the mildly
peralkaline rhyolite (comendite) as hedenbergite appears to cease crystallizing in
strongly peralkaline rhyolite (pantellerite), generally coinciding with the crystalliza-
tion of aegirine or aegirine-augite.
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Use of Natural Safiot Clay for the
Removal of Chemical Substances

from Aqueous Solutions by
Adsorption: A Combined
Experimental and Theoretical

Study
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Abstract

The main objective of this work was to investigate the potential of Natural Safiot
Clay (NSC), as an adsorbent for the removal of two cationic dyes such as Basic Blue 9
(BB9) and Basic Yellow 28 (BY28) from single and binary systems in aqueous solu-
tions. For this, the effects of three factors controlling the adsorption process, such as
initial dye concentration, adsorbent dose, and initial pH on the adsorption extent,
were investigated and examined. The natural safiot clay was characterized using the
following technique: energy-dispersive X-ray spectroscopy (EDX), scanning electron
microscopy (SEM), DRX, and Fourier transform infrared (FT-IR) and pH of the point
of zero charge (pHzpc). Energy-dispersive X-ray spectroscopy results indicate high
percentages of Silica and Alumina. FT-IR spectrum identified kaolinite as the major
mineral phase in the presence of quartz, calcite, and dolomite. The quantum theoret-
ical study confirms the experimental results, through the study of the global and local
reactivity and the electrophilicity power of the dyes. The electrophilicity power of
dyes affects the removal efficiency. The theoretical study proves that BB9 (w = 6.178)
is more electrophilic than BY28 (w = 2.480) and more interactions with surface sites.
The results of the molecular dynamics simulation indicate that the dyes are adsorbed
parallel to the surface of natural Safi clay (kaolinite), implying the strong interaction
with the kaolinite atoms. All the results of quantum chemistry calculations and
simulations of molecular dynamics are in perfect agreement with the results of the
experimental study.

Keywords: adsorption, dyes; natural safiot clay, characterization, density functional
theory
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1. Introduction

The growth of humanity and the development of science and technology are
causing an environmental disorder due to the pollution of water by a number of
pollutants including synthetic dyes, which have a complex molecular structure, which
makes them more stable and difficult. These dyes are discharged with the liquid
effluents, which are most of the time directly discharged into watercourses without
prior treatment [1]. These colored discharges pose a great threat to human health and
the environment because many of the dyes are toxic. Therefore, it is very important to
develop efficient methods for the removal of dyes from aqueous media.

Traditional processes such as biological processes give unsatisfactory results due to
the composition of these releases of toxic and dyestuffs, which are difficult to biode-
grade; on the other hand, physicochemical processes, which include coagulation-
flocculation, oxidation, and membrane filtration, have been widely studied and have
revealed a high efficiency in water discoloration [2, 3]. These techniques have proven
to be very effective, but their high cost has prompted many researchers to try other
cheaper and abundant materials. Adsorption, as a flexible, simple, and inexpensive
approach, can be used for the removal of pollutant chemical species. Every day
researchers describe new ways and elaborate a new adsorbent on the basis of good
selectivity for a chemical species or for the low cost of the process. The elimination of
dyes in aqueous solutions by adsorption on different solid materials, in particular on
activated carbon, has been the subject of much work [4-6]. The adsorption of dyes on
activated carbon has been found to be very effective, but its use remains limited due
to the difficulties of its regeneration and its high cost [7].

For this reason, the use of clay as an adsorbent is of great interest because of its
effectiveness, its accessible cost, and its abundance. From this perspective, lot of
research has been done on clays and all have shown their depollution efficiency
toward dyes [8, 9]. The importance given to these materials is granted to their abun-
dant availability in nature and their great capacity of retention of various pollutants,
which is offered by their structure in sheets, which gives a large specific surface
toward the adsorption [10, 11].

In this context, our choice focused on clay, which is an adsorbent material found
in abundance in Morocco, is effective and more economical. The use of clays for
the depollution of waters contaminated by dyes requires a good knowledge of their
mineralogical characteristics and of the mechanism of adsorption of these pollutants.
On the other hand, Natural Safiot Clay (NSC) materials could be an attractive
alternative for the adsorption of various pollutants from wastewater due to their
low cost, their lamellar structure, which provides high specific surface areas,
thermal stability, high cation exchange capacity, abundance, and high adsorption
capacity [12-14].

Generally, most of the studies carried out to eliminate cationic dyes are carried out
on single dyes [15], which lead us to study the possibility of eliminating a mixture of
two dyes at the same time, close to the real conditions of effluents in the environment,
because industrial discharges are a complex mixture of several pollutants.

Recently and with computer development, quantum chemistry calculations are
widely used in studies of dye adsorption [16, 17]. A lot of research has been carried out
on this theoretical approach; in particular since the appearance of their efficiencies in
the study of adsorption mechanisms on the one hand, and the study of behavior of
dyes with respect to the adsorbent surface on the other hand [18, 19]. The theoretical
reactivity indices based on density functional theory (DFT) have become a powerful
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and informative tool for studying organic reactivity and for describing intermolecular
interactions [20, 21].

The purpose of this study was to demonstrate the ability of Natural Safiot Clay to
remove some mixture industrial dyes such as Basic blue 9 and Basic yellow 28 from
single and binary aqueous solutions. This allows optimizing the cost of the process and
the quantity of the adsorbent used in the adsorption process to have a multiple
removal efficiencies of different pollutants instead of one [22, 23]. In this study, the
possibility of adsorption of Basic blue 9 (BB9) and Basic yellow 28 (BY28) in the single
and binary system has been studied experimentally and theoretically using density
functional theory (DFT) and molecular dynamics simulations (MDS), In order to
explain the competitiveness between the two dyes on active sites and their reactivity,
check if the experimental results are in good correlation with the theoretical results.

2. Materials and methods
2.1 Preparation of natural safiot clay

The Natural Safiot Clay (NSC) used in this work is collected from a natural basin in
the region of Safi in Morocco for removal of Basic blue 9 and Basic yellow 28 from
aqueous solutions and used without any prior activation. Samples were ground and
sieved to obtain very fine particle sizes and washed with distilled water to ensure the
removal of dust and any soluble impurities may exist.

2.2 Preparation of dyes solutions mixture

Basic blue 9 (BB9) and Basic yellow 28 (BY28) as representative cationic dyes were
purchased from Sigma-Aldrich with a purity of 99% and used without further purifi-
cation. The chemical structures of the studied dyes are given in Figure 1.

2.3 Experimentation conditions of adsorption studies

For single and binary system, several stock solutions 100 mg/L of BB9 and BY28
dyes have been prepared by mixing calculated volumes of the stock solutions of each
dye and accurately diluting it with distilled water. The NSC and mixture of dyes are
shaken in batch experiments at various parameters such as the amount of natural
safiot clay (5 mg—35 mg), initial dye concentration (10 mg-40 mg/L), and initial
solution pH (2-12). The working solutions’ pH was adjusted to the desired values with
dilute HC1 (0.1 M) or NaOH (0.1 M) using a pH-Meter HANNA 5222. After stirring of
a prescribed contact time, the solution is filtrated using filter syringe, and the maxi-
mum absorbance value of BB9 and BY28 is measured using spectrophotometer UV-
Visible (JENWAY 6300) at 663 and 438 nm, respectively, as shown in Figure 2.

The percentage removal and the quantity adsorbed g, (mg/g) of dye on NSC were
calculated using the following equation:

Co—-C,
0

Co - C,
m

Y%Removaldye = %100 (1)

*V (2)

q,(mg/g) =
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(c)BY2S8

Figure 1.
Chemical structures of BB9 and BY28.

Where Cy (mg/L) and C. (mg/L) represent the concentration of BB9 and BY28 at
initial and equilibrium, respectively, V (L) is the volume of solution, and W (g) is the
weight of adsorbent used.

2.4 Surface characterization

The surface morphology, chemical composition, and the nature of functional
groups responsible for adsorption of dyes onto the NSC adsorbent were studied by
Scanning Electron Microscopy (SEM), Energy Dispersive X-ray spectroscopy (EDX),
X-Ray Diffraction (XRD), and Fourier Transform Infrared (FT-IR).

2.5 Computational details

Density functional theory (DFT) is one of the most important tools of quantum
chemistry of understanding popular qualitative chemical concepts such as energy of
highest occupied molecular orbital (Egomo) and the lowest unoccupied molecular
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Figure 2.
Absorption spectra of BB9, BY28, and their mixture.

orbital (ELymo), dipole potential (p), hardness (n), softness (S), electrophilicity index
(w), and local reactivity descriptors such as Parr function P(r) [24, 25]. All computa-
tions are carried out with the Gaussian 09 program. The geometries of dyes, BB9 and
BY28, are optimized using density functional theory (DFT) at the B3LYP/6 G-31G (d)
level. Optimizations are carried out using the Berny analytical gradient optimization
method. The geometries optimized are characterized by positive vibrational fre-
quency definite Hessian matrices [26].

When the values of Egomo and Epymo are known, one can determine through the
following expressions [27] the values of the electronic chemical potential p, the abso-
lute hardness 1, and the softness S as:

. Ey +E;
== (3)
n = (EL — Ep) (4)
The global softness (S) introduced is the inverse of the global hardness [28]:
1
S== (5)
n
Using Parr’s definition [29], the electrophilicity o index is given by:
2
w="1 (6)

Based on this idea, Domingo et al. [30] have introduced an empirical (relative)
nucleophilicity index N, based on the HOMO energies obtained within the Kohn-
Sham scheme and defined as:
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N = Enomo(Nu) — Exomo(tck.) (7)

The HOMO energy of Tetracyanoethylene is —0.3351 a.u. at the same level of theory.

The electrophilic P} and nucleophilic P Parr functions, which allow for the
characterization of the electrophilic and nucleophilic centers of a molecule, were
obtained through the analysis of the Mulliken ASD (Atomic Spin Density) of the
radical anion and the radical cation, respectively. These indices were obtained by
single-point energy calculations over the optimized neutral geometries using the
restricted B3LYP formalism for radical species. The results obtained will be compared
with the experimental data.

The adsorption progress of the studied dyes on kaolinite surface is performed using
Materials Studio (MS) 8.0 software developed by Accelrys Inc. The kaolinite crystal
was optimized (a = 5.196 A, b = 9.007 A, ¢ = 7.372 A, and « = 93.029°, p = 105.983°,
¥ = 89.866) and cleaved along the (001) plane, a vacuum slab with 10 A thickness was
built. The final structure was enlarged to (4 x 2 x 1) to provide a large surface for the
interaction of the dyes [31].

3. Results and discussion
3.1 Characterization of natural safiot clay
3.1.1 Energy-dispersive X-ray spectroscopy

The spectrum of chemical constitution of natural safiot clay adsorbent is given in
Figure 3. The EDX spectrum of Figure 2 presents well-defined peaks, confirms the
presence of the following chemical elements: Si, Al, Mg, Fe, K, P, S, O, Ca, C. These
results confirm those found by the analysis XRF (Table 1), which also reveals the
presence of these elements in the form of oxides: SiO,, Al,O3, Fe;03, MgO, Na,O,
Ca0, K;0, TiO,. The atomic and mass percentages of the elements are summarized in
Table 2. The predominance of silicon and oxygen peaks is clearly observed, which
confirms the majority presence of kaolinite and quartz in the sample studied.

TN

6.21K

552K

483K

4.14K

0.69K]

Fe

0.00K
0.00 1.00 2.00 3.00 400 500 600 700 800 9.00

Figure 3.
EDX spectrum of natural safiot clay.
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Dyes Langmuir Freundlich Dubinin-Radushkevich

Qmax Ry R? Ky 1/n R? Qmax Koy E R?

BB9 (S) 68.49 0.038 0992  37.89 0.314 0.852 59.03 11077 2236 0.925

BB9 (B) 41.15 0.015 0996 2571 0222 0566 4478 1107 2236 0.897

BY28 (S) 166.67 0363 0761 1050 0.976 0.955 7533 210 °°¢ 500 0.994

BY28 (B) 21.32 0.064 0.98 10.07 0260 0718 1818 6107 9128 0.512

Table 1.
Isotherm constants for BB 9 and BY28 in single and binary systems.

Eléments % atomique % massique
O 57.87 46.70
C 12.96 7.85
Na 0.59 0.68
Mg 125 1.53
Al 7.50 10.20
Si 13.78 19.52
K 218 4.30
Ca 1.70 3.43
Ti 0.19 0.47
Fe 1.72 4.85
Table 2.

Atomic and mass percentage of the natural safiot clay constituents.

3.1.2 Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) analysis was applied to determine the func-
tional groups present on the surface of natural safiot clay and understand its adsorp-
tion mechanism. FT-IR spectra of NS clay in the range of 400 cm-4000 cm ™" are
taken to obtain information on the nature of functional groups at the surface of the
adsorbent. The spectrum of natural safiot clay is shown in Figure 4. The band that
stretches between 3200 and 3700 cm " shows a peak with two shoulders at 3407 cm ™
and 3610 cm ™' corresponding to the vibrations of elongation of the hydroxyl group —
OH linked to the water of constitution. In addition to the vibrations of deformation of
the O-H bond due to the water molecules adsorbed between the sheets located at
1639 cm . The bands that appear approximately around 3430 cm ™' and 1630 cm ™
correspond respectively to the vibrations of elongation and deformation of the OH
group of the adsorbed water [32]. While the characteristic bands of carbonates are
detected at 1436 cm ™ * and 2521 cm ! [33].

An intense absorption band at 900 cm-1200 cm ' is centered on 1030 cm ™7, it
characterizes the valence vibrations of the Si-O bond [34]. The bands between 795 and
748 cm ™', coming from the Si-O-Al bond, also give way to a band around 778.4 cm ™!
[35]. The absorption band located at 1030 cm ™" is in agreement with the X-ray

1

1

1

207



Mineralogy

100 4

80 4

60

40

Transmittance (%)

20 4

04

T

¥ T T T ¥ g T T T T .
4000 3500 3000 2500 2000 1500 1000 500

I Wavenumbers (cm-1)

Figure 4.
FT-IR spectrum of natural safiot clay.

fluorescence indicating the presence of kaolinite in natural clay. However, the
absorption bands at 423, 480, 534, 694, and 797 cm ! correspond to quartz [36]. These
results are in agreement with those found from XRF. They confirm the presence of
quartz, carbonate, kaolinite, and dolomite in the clay studied.

3.1.3 Scanning electronic microscopy analysis

Scanning electronic microscopy (SEM) technique was carried out in order to
observe the morphology, structure, and distribution of the grains of our adsorbent
material studied. Figure 5a and b show the SEM micrographs of natural safiot clay
before and after adsorption. The scanning electron microscope image (Figure 5a)
shows aggregates of kaolin grains in spherical form and of heterogeneous size, the
interstices between the grains form pores. We also observe large irregularly shaped
cavities; this confirms the heterogeneous composition of our clay revealed by the XRD
(kaolinite + calcite + vermiculite). In contrast, Figure 5b shows that the NSC surface is
more homogeneous and saturated after adsorption.

3.1.4 XRD analysis

X-ray diffraction analysis allows us to identify the different mineralogical phases
contained in our material. The X-ray diffraction patterns of NSC adsorbent are
illustrated in Figure 6. This result demonstrated the principal presence of kaolinite
characterized by an intense peak at 26 = 26.63° (20 = 26.63°; d = 3.343 A°) and a series
of peaks with varying intensities at 12.33°, 19.75°, 40.85° and those of quartz at 20.87°,
37.92°, and 42. 440°. In addition, the reflections spectrum at 260 = 8.62°, 29.47°, and
30.81° confirm the presence of illite, calcite, and dolomite, respectively. We see that
the diagram also shows the presence of the peak corresponding to the following
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SEM HV: 20.0 kV WD: 12 .40 mm | VEGA3 TESCAN

View field: 534 pm Det: SE

(a)

Figure 5.
SEM micrograph of the natural Safi clay before (a) and after (b) adsorption.

minerals: kaolinite, calcite, and vermiculite, which implies that our clay is
heterogeneous.

3.1.5 Determination of pH zero-point charge

The pH zero-point charge (pHzpc) plays an important role in the adsorption
process. The point of zero charge (PZC) of our clay was determined using the pH drift
method [37]. Six vials containing solutions of pH in the range of 2-12 (pH;) and 50 mg
of NSC are shaken for 24 h at room temperature, and the final pH was measured.

The difference between the initial and final pH (ApH = pH; — pH¢) was plotted against
the initial pH (pH;) and the point where ApH = 0 was taken as the point of zero
charge. As shown in Figure 7, the pHpzc of NSC was determined to be 7.2.
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X-ray diffraction of natural safiot clay.

ApH= pHf -- pHi

-3
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Figure 7.
pHzpc values for natural safiot clay.

3.2 Experimental setup: single and binary adsorption studies

3.2.1 Effect of adsorbent dose

It is recognized that the effect of the adsorbent dose on the adsorption process is
also considered to be one of the most important parameters that must be optimized,
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Figure 8.
Effect of adsorbent amount on the removal efficiency and adsorption capacity of basic blue 9 and basic yellow 28.

since the mass of adsorbent has an effect on the adsorption capacity for a given
initial concentration of the adsorbate under the operating conditions. The adsorption
of BB9 and BY28 in single and mixture on natural safiot clay is studied by varying
the mass of adsorbent from 5 to 35 mg in 50 mL solution of 20 mg/L dye concentration
at a constant stirring rate of 60 minutes. From Figure 8, it can be observed that
removal efficiency of the dye increases from 49.17% to 97.03% for BB9 and from
59.97% to 85.32% for BY28 as adsorbent dose is an increase from 5 to 35 mg. This is
because of the extra number of adsorption sites accessible with an increase in the
adsorbent dose. On the other hand, the dye uptake capacity reduces from 98.34 to
27.72 mg/g and from 119.9 to 24.38 mg/g for BB9 and BY28, respectively. This can be
attributed to the unsaturation of adsorption sites through the adsorption reaction
with increasing adsorbent dosage [38, 39]. Another important reason is that at

high adsorbent dosage, the available dye molecules are deficient to completely cover
the available binding sites on the natural safiot clay, which results in low solute
uptake [40, 41]. Similar results have been reported previously by other researchers
for the adsorption of dyes by different material [42-44]. The optimum adsorbent
dose is fixed conveniently at 30 mg per 50 mL of solution dye for the following
studies.

3.2.2 Effect of initial dye concentration

The effect of initial concentrations of BB9 and BY28 dyes is examined at
different initial concentrations ranging from 10 to 40 mg/L on the adsorption
capacity and removal efficiency onto natural safiot clay. As seen from Figure 9, the
adsorption capacity increases from 22.58 to 58.45 mg/g for BB9 and of 12.68 to
58.89 mg/g for BY28. In this case, the % removal decreases from 98.97% to 87.67%
and from 87.67% to 70.08% for BB9 and BY28, respectively. These results indicate
that the adsorption sites of NSC adsorbent for dyes adsorption are still unsaturated
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Effect of the initial dye concentration on the adsorption capacity and removal efficiency of BB9 and BY28, in single
(S) and binary (B) system onto NSC.

within the dye concentration range. In addition, increasing initial dyes’ concentrations
increases the number of collisions between dyes ions and the surface area of NSC
adsorbent, which enhances the adsorption process [45]. Similar results had been
reported by Auta and Hameed [46] for MB dye removal onto modified ball clay
chitosan composite.

3.2.3 Effect of initial dye pH

The initial pH of the aqueous solution is important parameter controlling
the adsorption process, where it affects both the degree of ionization of the dye
and the surface properties of the adsorbent. The effect of initial pH of dye solution on
the percentage removal of dye is studied by varying the initial pH from 2 to 12
under constant process parameters onto NSC, and results are presented in Figure 10.
It is revealed that pH has practically a small effect on the percentage removal of
the two basic dyes in simple system. In binary system, BY28 percentage removal is
increased from 34.74% to 71.14% when pH is varied from 2 to 12 and also for
BB9 percentage removal increase from 90.86% to 96.75%. These results are explained
by pH zero-point charge pHzpc, the pHzpc of any adsorbent is a very important
characteristic that determines the pH at which the surface has net electrical
neutrality. In explaining this behavior by the fact that the negative charge
dominates the adsorbent’s surface in the basic medium. Thus, an electrostatic
attraction exists between the negative charges of OH deposited on the clay surface
and the positive charges of the dyes. Moreover, an electrostatic attraction between
BB9 and BY28 dyes and the positive charge on the surface of NSC at low pH are
evident [47, 48].
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Figure 10.
Effect of initial dye pH on the removal efficiency (%) of BB9 and BY28 dyes in single and binary solutions.

Consequently, the mechanism proposed can be described by the following equation.
Si-OH + OH™ « Si-O™ + H,0 (8)
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Si-OH™ + BB9" or BY28+ « Si-O~ + BB9 or Si-OH™ + BY28 9)

Similarly, the montmorillonite, bentonite clay, and montmorillonite/CoFe,04
composite adsorption capacities were studied as a function of pH, and it was observed
that maximum basic blue 9 dye adsorption was in acidic pH range [49-51].

3.2.4 Competitive adsorption between BB9 and BY28

BB9 and BY28 adsorption in single and binary adsorption systems onto NSC is
studied and is illustrated in Figure 11. The removal efficiency decreased in binary
systems (as compared with single dye systems), the reduction was from 96.20% to
95.57% and from 85.32% to 61.48% for BB9 and BY28, respectively. For these results it
is clear in the binary system, BB9 dye is most dominant and BY28 is most recessive
dye. The values of R% also show that adsorption of BB9 and BY28 is reduced by the
presence of other dyes in solutions within reduction percentage of 0.66% and 27.94%
for BB9 and BY28, respectively. This behavior can be explained by the competitive
adsorption between BB9 and BY28 for active sites with that BB9 dye is the first to be
adsorbed in the active sites and by that BB9 is more electrophilic than BY28. This
result will be demonstrated by following quantum chemicals study.

3.3 Adsorption isotherms

Adsorption isotherms play an important role in the determination of the maximum
adsorption capacity and the identification of the type of adsorption. The results of the
adsorption experiments were analyzed per the well-known models of Langmuir,
Freundlich, and Dubinin—-Radushkevich (D-R):

The Langmuir isotherm is valid for monolayer adsorption on surface containing a
finite number of identical sites [52]. The linear form of the Langmuir isotherm can be
represented by the following equation:
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Figure 11.
Adsorption competition of BB9 and BY28 onto NSC adsorbent sites.
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C. 1 1

(10)

+_ e
9. 9.KL 4,

Where Ce (mg/L) represents the equilibrium concentration of the adsorbate, qe
the amount adsorbed at equilibrium (mg/g), K, (L/mg) and qm (mg/g) are the
Langmuir constant and the maximum amount of adsorbate, respectively.

To confirm the favorability of the adsorption process, the separation factor Ry, was
calculated by the following Equation [53]:

1

R =——
L 1+ K. .Cyp

(11)

where the adsorption process is unfavorable (R, > 1), linear (Ry, = 1), favorable
(0 < Ry < 1), or irreversible (R, = 0). Here, Ry, values for the adsorption of dyes are
less than 1 and greater than 0, indicating favorable adsorption.

Freundlich isotherm model is an empirical equation based on sorption on a het-
erogeneous surface or surface supporting sites of varied affinities [54]. The linearized
Freundlich model is represented by the following equation:

log (¢,) = log (Ky) +% log (C,) (12)

where K¢ (mg/g) is the measurement of adsorption capacity, and 1/n is the
adsorption intensity of the adsorbent.

The Dubinin—Radushkevich model is a more generalized model as compared with
the Langmuir isotherm and often used to estimate the characteristic porosity and the
apparent free energy of adsorption [55]. The linearized Dubinin—Radushkevich (D-R)
isotherm model is represented by the following equation:

In(q,) = In(q,) — Be (13)

where g, is the theoretical saturation capacity (mg/g), B is the D-R constant
related to the sorption energy (mol*/kJ?), and e represents the Polanyi potential
(J/mol), which is determined by:

1
¢ =RTLn (1 + C—) (14)
e
R is the universal gas constant (8.314 J mol ' K™ '), and T is the absolute temper-
ature (K). The mean free energy of adsorption E calculated from B using the following
relation:

1
E= \/_Z-E (15)

The main parameters, characterizing each model as well as the coefficients of
determination (R?), are grouped in Table 1. Comparison with Freundlich and
Dubinin-Radushkevich model shows the high correlation coefficient of Langmuir
isotherm for both dyes in single and mixture systems. This result suggests that the dye
was homogeneously adsorbed on a monolayer surface of the adsorbent.
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The value of parameter 1/n of the Freundlich equation gives an indication of the
validity of the adsorption of the adsorbent adsorbate system. The values of 1/n
presented in Table 1 are between 0 and 1 indicating that the adsorption of the two
dyes on our prepared adsorbent material (NSC) is favorable.

The magnitude of E is useful for estimating the type of adsorption process. The
found values of E for BB9 and BY28 in the single and binary system are less than
8 kJ mol ', knowing that energy values less than 8 k] mol " indicate physisorption and
energy values varying from 8 to 16 kJ mol " indicate chimisorption. Therefore, the
adsorption type of BB9 and BY28 onto NSC has been defined as physical adsorption
(physisorption). This confirms the results following the study of the influence of pH.

3.4 Kinetics of adsorption

The kinetic of adsorption is an important characteristic in evaluating the efficiency
of adsorption process. Three kinetics models (pseudo-first order, pseudo-second
order, and intraparticle diffusion) were utilized to test the experimental data and
predict the controlling mechanism of dye adsorption process.

3.4.1 Pseudo-first-ovder model

The linearized form of pseudo-first-order rate expression is given as:

k
log (¢, — 4,) = log (.) 5355 (16)

Where qge and qt are the amount of dye adsorbed on sorbent (mg/g) at equilibrium
and time t, respectively, kjcorresponds to the reaction rate constant of pseudo-first-
order (min~?), and t is time (min) [56]. The values of ge and k; were calculated from
the slope and intercept of the plots of the log (qe-qt) vs. t.

3.4.2 Pseudo-second-order model

Pseudo-second-order rate expression reaction model is expressed as (linearized

form) [57]:

t 1 1
S 4y (17)
9. gz 4.
Where k; is the pseudo-second-order rate constant (g/mg.min). A plot of t/qt and t

should give a linear relationship if the biosorption follows pseudo-second-order
model. The q. and k, can be calculated from the slope and intercept of the plot.

3.4.3 Intraparticle diffusion model

The intraparticle diffusion model is based on the theory proposed by Weber and
Morris [58]. The Weber and Morris equation is (18):

q, = kiatV* +C (18)
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Dyes concentration Pseudo-first order Pseudo-second Intraparticle
(mg/1) order diffusion

ge,exp qe,cal K; R*> gqecal K, R? Ki C R?

BB9 (S) 10 15.48 7.998 0.028 0.752 1578 0.198 0.999 0.095 16.20 0.965

20 32.07 0.857 0.037 0.668 3134 0.156 1.000 0.114 30.24 0.976

30 4772 1795 0.074 0.403 47.85 0.109 1.000 0.306 4566 0.794

40 58.45 8707 0.061 0.783 58.82 0.022 0.999 0.927 5151 0971

BY28(S) 10 1269 0.129 0,112 0,48 1273 0,470 1.000 0,100 12.04 0,542

20 28.39 0.823 0,070 0,826 28.49 0,246 1.000 0,098 27.72 0,798

30 43.14 2960 0,023 0,913 4237 0,071 0,999 0,316 39.86 0,905

40 58.89 96.11 0,285 0,858 59.88 0,020 0,999 1.499 49,17 0,825

BB9(B) 10 15.80 2322 0.041 0.484 15.82 1.051 1.000 0.036 1554 0.756

20 32.01 1376 0.054 0.892 32.05 0.191 1.000 0.217 30.45 0.843

30 43.82 8586 0.064 0.937 44.05 0.031 0.999 0.881 3727 0.982

40 48.00 51.54 0.059 0.812 50.76 0.003 0.960 4.923 9.712 0.954

BY28(B) 10 12.08 3.088 0.177 0.813 1216 0.209 0.999 0.131 1119 0.873

20 14.37 1258 0.217 0.851 14.45 0.200 0.999 0.112 13.58 0.879

30 19.49 1236 0.165 0.898 19.68 0.087 0.999 0.423 16.69 0.649

40 2049 1173 0170 0.756 20.57 0.332 1.000 0.167 19.42 0.502

Table 3.
Kinetics parameters for the adsorptive removal onto NSC adsorbent of BB9 and BY28 dyes and their mixture.

Where q, is the adsorption capacity (mg/g) at time t (min), k4 is the intraparticle
diffusion rate constant (mg/g.min), and C (mg/g) is a constant, which provides the
information regarding the thickness of the boundary layer. The values of K;q and C
were calculated from the slope and intercept of the plots of the q, against t*/*.

The conformity between the experimental data and the predicted model is based on
the values of the correlation coefficients (R?), hence the value R? closest to unity will
indicate the adequate model to correctly describe the kinetics of adsorption of the dye.

Table 3 summarizes the rate constants and correlation coefficients (R?) of the
three kinetic models. The fitting of the kinetic data in the pseudo-second-order equa-
tion showed excellent linearity with high correlation coefficient (R? > 0.999), and the
good agreement between the experimental and calculated equilibrium adsorption for
the pseudo-second-order model confirms that this one describes correctly the
adsorption kinetics. Similar results have been observed in the adsorption of basic
dyes onto Moroccan Clay [59] and in the adsorption of Methylene Blue (MB) by
montmorillonite clay [60].

3.5 Quantum chemical studies
3.5.1 Global reactivity descriptors

The global chemical reactivity descriptors, energy gap (AE), dipole moment (p),
hardness (n), softness (S), nucleophilicity (N), and electrophilicity index (®) witch
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Dyes BB9 BY28
Er (u.a) —1643.18 —1754.96
u (Debye) 11.351 7.573
Enowmo (eV) —4.373 —5.585
Erumo (eV) -3.210 -2.387
p (eV) —-3.791 —3.986
1 (eV) 1.163 3.198
S (eV) 0.859 0.312
® (eV) 6.178 2.480
N (eV) 4.747 3.535
Table 4.

Quantum chemical parameters of the studied dyes calculated at B3LYP/6 G-31G (d).

calculated from HOMO and LUMO energies and are obtained at the level of theory
B3LYP/6 G-31G(d) and summarized in Table 4.

Energy gap (AEgap = Egomo — ELumo): The energy gap between the HOMO and
LUMO is very important in determining the chemical reactivity of the molecule dyes
toward the adsorption on the adsorbent surface. On the other hand, the decrease in
the value of AEgap increases the reactivity of the molecule, which facilitates adsorp-
tion and increases the adsorption efficiency. It can be seen from Figure 12 that the
BB9 dye shows a lower AEgap (AEgap = 1.163 eV) compared with the BY28 dye,
which has a difference of 3.198 eV, which clearly means that the molecule of BB is
more reactive than BY28, Therefore, the BB9 dye will be adsorbed firstly. This con-
clusion is in agreement with the experimental results.

Dipole moment (p): The dipole moment (p) is another important electronic
parameter, provides information on the polarity of the whole molecule. The high

(@)

Ewmo=-3.210eV

(b)

Evumo=-2.387 eV

AE gap=1.163 eV AEgap=3.198 ¢V

Enomo=-4.373 eV Enomo= - 5.585 eV

Figure 12.
Highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) density of
BB9 (a) and BY28 (b) BY DFT at the B3LYP/6 G-31G(d).
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molecular polarity probably gives rise to great chemical reactivity. It is clearly
established in the literature that molecules with high dipole moments are more reac-
tive, and their action results in a significant elimination efficiency. In our case the high
dipole moment value of BB9 (11.351 D) probably increases the adsorption between the
BB9 dye and the surface of natural clay compared with BY28 (7.573 D), which explains
the adsorption efficiency higher than BB9 when compared with BY28 and confirms
the experimental results.

Hardness (n) and softness (S): The stability and reactivity of a molecule are
determined by the calculation of two important parameters: the global hardness (1)
and the softness (S). The resistance of a molecule to deformation is determined by the
chemical hardness, a hard molecule has a high energy gap. In addition, a soft molecule
has a low energy gap. It is important to note that electronic systems with hard
molecules have the least tendency to react while systems with soft molecules have a
higher tendency to react.

The high percentage of elimination of a molecule is linked to a low value for
chemical hardness and a high value for softness. In the present work, the values of the
global hardness (1) and the softness (¢) presented in Table 5 clearly show that the
BB9 dye has the lowest value of the hardness () = 1.163 eV) and the higher value of the
softness (S = 0.859 eV), which explains their significant elimination percentage com-
pared with BY28, these results are in good agreement with the experimental results.

Global electrophilicity index (®): The global electrophilicity index (®) represents
the capacity of the dyes to accept electrons. More reactive nucleophilic is character-
ized by lower value of , and conversely more reactive electrophilic is characterized
by a higher value of @. From Table 5, we notice that the electrophilicity value of BB9
(w = 6.178) is greater than that of BY28 (® = 2.48); this indicates that the molecule of
BB9 is more electrophilic than that of BY28. Consequently, BB9 will be adsorbed first
followed by BY28.

Dye N° of atoms Atoms P, P, wy, N,
BB9 1 C 0.117052 —0.091655 0.72314726 —
2 C —0.083178 0.109989 — 0.52134786
3 C 0.123453 —0.0193705 0.76269263 0.09195176
4 C —0.0825946 0.0874818 —0.51026944 0.4152761
5 C 0.1346605 —0.0391588 0.83193257 0.18588682
6 C —0.044701 0.0617533 —0.27616278 0.29314292
7 C —0.0622537 0.0077143 —0.38459903 0.03661978
8 C 0.1288878 —0.049104 0.79626883 0.23309669
9 C —0.0873976 0.0988698 —0.53994237 0.46933494
11 C 0.1294818 —0.031639 0.79993856 0.15019033
12 C —0.045136 0.063713 — 0.30199962
13 C 0.1402246 —0.0370003 0.86630758 0.17564042
19 N 0.3640112 —0.0556138 2.24885996 —
20 S 0.1232636 —0.0137067 0.76152252 —
21 N 0.0351644 0.09916571 0.21724566 0.47073963
22 N 0.0643843 0.15539811 0.39776621 0.73767483
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Dye N° of atoms Atoms P, P, wy, N,
23 C —0.0038013 —0.006641 — —
27 C —0.0035767 —0.00689 — —
31 C —0.0061814 —0.005169 — —
35 C —0.0061321 —0.010607 — —
39 Cl 0.0012179 0.5782508 0.00752419 2.74495655
BY28 1 C 0.040255 0.066561 0.105689697 0.23709028
2 C —0.000773 0.00887 — 0.03159494
3 C 0.045305 0.037015 0.118214337 0.13184743
4 C —0.025946 —0.014818 — —
5 C 0.066052 0.091588 0.172349484 0.32623646
6 C —0.021701 —0.037533 — —
7 C —0.036225 0.001143 — 0.00407137
8 C 0.458878 —0.089904 1.197350365 —
13 C —0.173976 0.168698 — 0.60090228
15 C —0.014488 0.091639 — 0.32641812
16 C 0.022465 0.020003 0.058617925 0.07125069
17 C 0.03011 —0.006138 0.078566023 —
18 C —0.011644 0.016571 — 0.05902590
20 C —0.013843 0.039811 — 0.14180678
22 C 0.026365 0.07067 0.068794195 0.25172654
24 N 0.121797 0.125083 0.317804912 0.44554565
25 N 0.362411 —0.068898 0.945639022 —
26 N 0.059207 0.13669 0.154488825 0.48688978
27 C —0.006573 —0.003929 — —
31 C 0.019834 0.001078 0.051752856 0.00383984
35 C 0.016503 0.000443 0.043061278 0.00157797
39 O 0.000958 0.10219 0.002499709 0.36400078
40 o 0.00195 0.081069 0.005088135 0.28876778
42 C —0.000314 —0.005534 — —

Table 5.
Theoretical prediction of reactive sites using Parr function for BB9 and BY28 dyes.

3.5.2 Local molecular reactivity
The local reactivity site of the studied dyes has been analyzed by evaluating Parr
functions (PF). The PF is used to obtain the detail information of local reactivity of

each atom in the molecule. Domingo proposed the Parr functions P(r) [61], which are
given by the following equations:
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prn=et0 for nucleophilic attack (19)
P~ (r) = pi(r) for electrophilic attack (20)

With these electrophilic and nucleophilic Parr functions are at hand, the local
electrophilicity wx and the local nucleophilicity N indices will be redefined as follows:

wKg = a)P} (21)
Nk = NPy (22)

Table 5 shows that at the DFT level, the most susceptible site to a nucleophilic
attack for BB9 is located on sulfur, nitrogen, and benzene ring. In the case of an
electrophilic attack, the most reactive site is on ClI39. For BY28 the more susceptible
sites to nucleophilic attacks are nitrogen and C8 atoms, while N26 and C13 are the
most susceptible sites for electrophilic. The results indicated that the BB9 dye has
more and strong electrophilic sites than BY28; consequently, BB9 has a high affinity
for NSC than BY28.

3.5.3 MC and MD simulations

In this study, Monte Carlo simulations were performed to study the adsorption and
orientation of dyes on charged surfaces based on (001) kaolinite surface and all-atom
models. The most stable low-energy adsorption configurations of the studied dyes are
shown in Figure 13. It is clear that the three dyes examined BB9, BB41, and BY28 are
adsorbed almost parallel to the plane to maximize surface and contact coverage. These
adsorption configurations indicate that there are strong interactions between the
studied dyes and the kaolinite atoms. This facilitates their adsorption to the surface of
the kaolinite (001) by blocking a maximum of sites and ensuring a great influence on
the removal efficiency.

The outputs and descriptors calculated by the Monte Carlo simulation are
presented in Table 6. The parameters presented in Table 6 include total energy, in
kcal mol ™", of the substrate-adsorbate configuration. As can be seen from Table 6,
BB9 gives the maximum adsorption energy in negative value found during the
simulation process. High values of adsorption energy indicate that BB9 molecule
will give the highest removal efficiency and strong interaction between a kaolinite
substrate and the studied dye. These results are in good agreement with
experimental findings.

To further confirm our results, we have performed the energy fluctuation curves
as obtained from MD simulations; the equilibration of the system is confirmed by
the stable mean values of energy fluctuations, as shown in Table 7. The mean
square displacement (MSD) and the diffusion coefficient were calculated after
100,000 steps. The obtained data included in Table 7 show that the diffusion
coefficient of the free water molecules was more pronounced (5.85 x 10~ cm?/s)
than the water with BB9 and BY28 molecules. Much smaller diffusion
coefficients obtained for water with BB were caused by the strong interaction
between (water + BB9) and the kaolinite surface, which decreased the mobility of
the water [62].

221



Mineralogy

Figure 13.

The most stable low-energy configuration for the adsorption of the dyes on kaolinite surface obtained through the
Monte Carlo simulations.

System Total Adsorption Rigid adsorption Deformation Ead/Ni
energy Energy energy energy Dye
BB9/(001) —111.4 —317.53 —-150.77 —166.5 —317.53
BY28/(001) —213.8 —146.92 -117.07 —29.89 —147.18
Table 6.

Outputs and descriptors calculated by the Monte Carlo simulations for the lowest adsorption configurations of
tested dyes on kaolinite (001) surface (in kcal/Mol).
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Conditions Diffusion coefficient of water (10¢ cm?/s)
Free water molecules 5.850
Water with BY28 2.430
Water with BB9 0.450
Table 7.

Calculated diffusion coefficient of free water and water with dyes in kaolinite surface.

4. Conclusion

The results obtained in this research indicated that natural safiot clay was consid-
ered low cost, eco-friendly, and a promising alternative adsorbent for removing BB9
and BY28 dyes in single and binary systems from an aqueous solution. The percentage
of dye removed increased with increasing adsorbent dosage, decreased with increas-
ing initial dye concentration, and varied with dye solution pH. The rate of adsorption
was found to obey pseudo-second-order kinetics model with a good correlation coef-
ficient indicating toward chemisorption, and the Langmuir isotherm represented the
equilibrium adsorption and shows monolayer homogeneous surface of adsorbent for
single and binary mixture.

All the theoretical parameters of DFT calculations show that the two dyes can be
adsorbed and that the BB9 molecule has the best percentage of elimination. From this
calculation, we note that: The dye removal efficiency increases with the highest values
of o, ELymo, M, and S and the lowest values of AEgap, Egomo and n. Another impor-
tant conclusion that we can draw from these calculations is that the theoretical results
from reactivity descriptors show that nitrogen, sulfur, carbon, and nitrogen atoms of
BB9 and BY?28 are the main adsorption sites, respectively. Finally, this study displays a
good correlation between the theoretical and experimental data, which confirm the
reliability of the quantum chemical methods to study the competitive adsorption of
two cationic dyes onto NSC surfaces, in the single and binary system. DFT calcula-
tions, Monte Carlo method, and Molecular dynamics simulations support the experi-
mental findings.
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Chapter12
Classification of Clay Minerals

Praise Akisanmi

Abstract

The versatility of natural clay and their ability to adsorb a variety of environmental
contaminants present in the water effluents has attracted esthetic concern among envi-
ronmentalist. These practical applications rely primarily on the diversity of natural clay
structure to retain harmful and undesirable substances from the immediate environ-
ment. The adsorptive capability of natural clays is related to the fundamental units of
the clay-sized crystalline minerals which present in different combinations.

Keywords: clay mineral, classification, application, bentonite, kaolinite

1. Introduction

The significance of solid mineral resources has been of profound value to man since
time immemorial. A mineral is (most of the time) an inorganic crystalline solid, natural,
homogeneous, with a structure and a composition that give it defined macroscopic
properties. Clays are minerals categorized under the clastic sedimentary rocks. Clay is
a naturally occurring material composed of layered structures of fine-grained minerals
which exhibit the property of plasticity at appropriate water content but becomes
permanently hard when fired [1]. The clay material is formed from chemical alteration
processes on the earth’s surface and accounts for approximately 40% of the first-class
grained sedimentary rocks (mudrocks) which incorporates dust stones, clay stones
and shales. Clayey minerals are usually composed of aluminum silicates that are made
up of tetrahedral and octahedral leaves that are bound together collectively via sharing
of apical oxygen atoms [2]. The formation of clayey minerals depends on the physical-
chemical conditions of the environment of the immediate altering environment, the
nature of the raw materials and other related external environmental factors [3]. As
such resulting in different types of clay materials. Hence, the potential for application
of any clay mineral type in nature will depend on its will depend on its chemistry,
structure and other intrinsic properties [1]. Natural clay minerals are widely recog-
nized and acquainted to mankind since the first days of civilization. Owing to their
low cost, plenty in most continents of the world, high sorption capability for ion
exchange, clay substances are solid candidates as adsorbents [4]. Clay minerals share
afundamental set of structural and chemical traits but yet has its very own precise set
of properties that determine its interplay with other chemical species. The variability
of chemistry and structure between clays leads to their application in a wide variety of
fields.
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2. Clay mineral

Clay is usually fine-grained materials, with particle size lower than 0.002 mm with
majorly clay minerals. Other minerals related to clay minerals in clays might embody
quartz and feldspar, along with detritic materials that have been eroded off the earth’s
surface. Clay minerals do not seem to be the most precious among the minerals on
the face of the earth, but they affect life on the earth to a great extent. Clay is one of
the most ancient mineral substances used by mankind. Clay is a widely dispersed,
plentiful mineral resource with substantial industrial significance for a wide range of
applications. It is one of the most important minerals in the world, both in terms of
value and annual production. The term “clay,” like many geological concepts, is vague
and has numerous meanings: clay minerals are a group of fine-grained minerals
with a particle size (smaller than silt) and a kind of rock—a fine-grained sedimentary
deposit dominated by clay particles. Clay also includes fine-grained non-aluminosil-
icate deposits like shale and some argillaceous soils under the later definition. It was
immensely essential in ancient civilizations, with records kept in brick structures,
monuments, and pottery, as well as writings on clay tablets. Clay continues to be a
fundamental raw material in today’s world. Clay and clay compounds are now used
in far too many ways to mention them all. Clay has a variety of industrial applica-
tions, including the manufacture of refractories and drilling mud in the water, oil,
and gas sectors. The success of these research hinges on the appropriate exploitation
of local raw resources for use as drilling mud in order to achieve long-term economic
growth and job creation. Regardless of how abundant clay is and how widely it is
used in industry, certain property standards must be satisfied by either raw or refined
clay. Clay refining improves the geotechnical qualities of natural clays, potentially
increasing their industrial potential. The raw materials used to make mud are gener-
ally chosen clays with a significant quantity of montmorillonite, and their behavior
in water is utilized to appraise them. Their suitability is decided through numerous
criteria, among which can be the viscosity, the volumetric yield of given clay and
filtration characteristics. The bentonite clay is the raw material that satisfies the
majority of these drilling criteria. Drilling for oil, gas, and water resources often
necessitates a large volume of drilling mud, which is frequently imported into the
nation. Apart from eroding the country’s hard currency reserves, such importation is
also incompatible with the country’s present local content strategy for the oil industry.
As a result, the necessity for bentonitic clays or comparable alternatives to be sourced
locally has become critical.

2.1 Classification of clay minerals

Clay minerals are classified into different groups as follows; Kaolinite, Smectite,
Vermiculite, Illite and Chlorites.

Kaolinite is the purest of all clays, with little variation in composition. It also does
not absorb water or expand when it comes into touch with it. As a result, kaolinite
ALSi;05(OH); is the ceramic industry’s chosen clay. Kaolinite clays have long been
used in the ceramic industry, especially in fine porcelains, because they can be easily
molded, have a fine texture, and are white when fired. These clays are also used as a
filler in making paper. Clay minerals such as kaolinite, hallosite, nacrite, and dickite
belong to the Kaolinite group, which is a 1:1 type clay mineral. It is made up of one
layer of silica and one layer of alumina, which is created by advanced weathering
processes or hydrothermal modifications of feldspars and other alluminosilicates in
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acidic circumstances [5]. The chemical formula of kaolinite is Al,05.2S5i0,.2H,0 (39%
Al 03, 46.5% SiO, and 14.0% H,0) and its structure possesses strong binding forces
between the layers which resists expansion when wetted [1]. Kaolin is mostly white
in color, has a very tiny particle size, is nonabrasive (hardness 2-2.5 on the Mohs
scale), and is chemically inert in most applications. The individual kaolin particle
is a thin, flat, pseudohexagonal platelet, so small that if 10,000,000 of them were
distributed on a postage stamp, the layer would be thinner than a human hair [1]. In
many applications, the thin, flat particle form is advantageous. The particle size and
color, or brightness, of commercially available kaolin is used to determine the grade.
Kaolin delivers strength, dimensional stability, and smooth surfaces to completed
whitewares and sanitary wares by providing a white body, easy molding qualities,
and adding strength, dimensional stability, and smooth surfaces. Kaolins are ideal
for particular refractories because of their refractoriness, dimensional stability, and
chemical inertness. Kaolin’s outstanding dielectric qualities, in addition to the forego-
ing, make it ideal for porcelain electric insulators. Industrial uses of kaoline includes
production of paper, paint, rubber, ceramic, plastic, and medicinal products, as well
as a catalyst for petroleum cracking and vehicle exhaust emission control systems,
and as a cosmetics foundation and pigment [6]. Furthermore, kaolin is also used as
an anti-cracking agent in the manufacturing of fertilizer prills, as a pesticide carrier,
in the production of white cement (where it supplies alumina without iron), and in
the production of glass fiber as a low-iron, low-alkali alumina source. Kaopectate
and Rolaids, for example, are the main ingredients in the original formulation of
anti-diarrhea medication in pharmaceutical applications. Through firm and selec-
tive binding of aflatoxins, plant secondary metabolites, pathogenic microorganisms,
heavy metals, and other poisons in animal diets that could be harmful to the digestive
system, kaolin can be used to decontaminate aflatoxins, plant secondary metabolites,
pathogenic microorganisms, heavy metals, and other poisons that could be harmful
to the digestive system [7]. Naturally, kaolin may be accompanied by other mineral
impurities such as feldspar and mica, quartz, titanoferous, illite, montmorillonite,
ilmenite, anastase, hematite, bauxite, zircon, rutile, silliminate, graphite, attapugite,
halloysite and carbonaceous materials [8] thus reducing its industrial usefulness.
Smectite, which includes montmorillonite, beidellite, nantronite, saponite and
hectorite, are 2:1 layer clay minerals formed from the weathering of soils, rocks
(mainly bentonite) or volcanic ash and belongs to a group of hydroxyl alumino-
silicate [1]. The most common smectite is montmorillonite, with a general chemical
formula: (1/2Ca,Na) (Al,Mg,Fe) 4(Si,Al)80,0(OH),.nH,O Smectites are a category
of dioctahedral 2:1 expandable minerals having a charge of 0.2-0.6 per formula unit.
The octahedral substitution of Mg** for AP* gives Montmorillonite, the most preva-
lent member of this group, its charge. Tetrahedral replacements provide much of the
charge in beidellite and nontronite, which are less common in soils. The presence of
iron in the octahedral sheet distinguishes nontronite from beidellite. Van der Waals
connections and weak cation-to-oxygen links hold the 2:1 layers in smectites together.
The presence of exchangeable cations in the interlayer between water molecules
causes the crystal lattice to expand as the mineral hydrates. The basal spacing between
layers can exceed 2 nm when the material is saturated with water, but it can be
lowered to less than 1 ran when the mineral is dry. The major component of bentonite
is montmorillinite, which is formed by weathering volcanic ash. When water comes
into contact with montmorillinite, it expands by many times its original volume.
It may be used as a drilling mud (to keep drill holes open) as well as to seal leaks in
soil, rocks, and dams because of this. This expansion and contraction trait found in
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smectites, often referred to as shrink-swell potential, is problematic to engineers and
farmers alike due to the propensity for crack formation and general instability of the
soil surface. Montmorillinite, however, is a dangerous type of clay to encounter if it is
found in tunnels or road cuts. Because of its expandable nature, it can lead to serious
slope or wall failures. Differences in the degree of chemical substitution within the
smectite structure, the nature of the exchangeable cations present, and the type and
quantity of impurities present induce variation in the physical and chemical charac-
teristics of bentonites within and across deposits [1]. Quartz, cristobalite, feldspars,
zeolites, calcite, volcanic glass, and other clay minerals such as kaolinite are all miner-
als found in smectites [9]. Differences in chemical composition due to replacements
of AP* or Fe** for Si** in the tetrahedral cation sites and Fe?*, Mgz*, or Mn?* for AP**

in the octahedral cation sites define the groups of smectite clays. Smectites contain
very thin layers and microscopic particle sizes, resulting in a large surface area and
hence a high degree of absorbency for a variety of compounds such as oil, water, and
other chemicals [1]. Because of their high cation exchange capabilities, surface area,
surface reactivity, adsorptive capacity, and catalytic activity, smectites are important
minerals for industrial purposes. Bonding foundry sands, drilling fluids, iron ore pel-
letizing, agriculture (as a carrier material for pesticides, fertilizers, and seed coating),
paper making, paints, pharmaceuticals, cosmetics, plastics, adhesives, decoloriza-
tion, and ceramics are just a few of the applications for this group of clays [10]. The
substance is also employed as a clarifier for oils and fats, as well as a chemical barrier,
aliquid barrier, and a catalyst [11]. Purification and physicochemical changes of

pure smectite are required for the preparation of several high-tech materials such as
pillared clays, organoclays, and polymer/smectite-nano ccomposites [1]. Also they are
used in many industries; the most important uses are as drilling muds and catalysts in
the petroleum industry, as bonding clays in foundries, as bonding agents for taconite
pellets, and as adsorbents in many industries. However, the commercial bentonites
should contain not less than 60% smectite.

Vermiculite is a high-charge 2:1 phyllosilicate clay mineral. It is generally regarded
as a weathering product of micas. Vermiculite is also hydrated and somewhat expan-
sible though less so than smectite because of its relatively high charge. It has a layer
charge of 0.9-0.6 per formula unit, and contains hydrated exchangeable cations
primarily Ca, and Mg in the interlayer [12]. In soils, vermiculite exists as an A**
dominated dioctahedral and, to a lesser extent, Mg2+ dominated trioctahedral mineral.
Water molecules and exchangeable cations—primarily Mg** and Ca**—are highly
adsorbed within the interlayer region of vermiculites due to the tetrahedral charge
origin. In vermiculites, unlike smectites, the strong bonding of the interlayer cations
binds the 2:1 layers together, restricting basal spacing expansion to 1.5 nm. Vermiculite
has a high cation exchange capacity due to its high charge per formula unit, and this
clay type has a strong affinity for weakly hydrated cations including K*, NH,*, and
Cs'. The water in raw flakes vermiculite flashes into steam and the flakes expand into
accordion-like particles when heated rapidly to 900°C or higher [13], a phenomenon
known as exfoliation [14]. Exfoliation, liberates bound water from between the
mica-like layers of the mineral and literally expands the layers apart at right angles
to the cleavage plane. The expanded or exfoliated material is low in density, chemi-
cally inert and adsorbent has excellent thermal and acoustic insulation properties,
is fire resistant and odorless. Granular clay absorbents, such as vermiculite, have
been used for over 75 years to clean up minor drips, spills and over sprays in factories
and garages. Vermiculite is used to loosen and aerate soil mixes. Mixed with soil, it
improves water retention and fertilizer release, making it ideal for starting seeds.
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Also used as a medium for winter storage of bulbs and flower tubers. The com-

mon applications of exfoliated vermiculite include making of friction light weight
aggregates, thermal insulator, brake linings, various construction products, animal
feeds and in horticulture [1]. Vermiculite in fertilizers improves the efficiency with
which nutrients are released, making fertilizers more cost-effective for customers

[15]. Vermiculite’s layered structure and surface qualities allow it to be employed in
intumescent coatings and gaskets, as well as the treatment of hazardous waste and air
freight. The internal pressure generated by the expansion of vermiculite when heated
is sufficient to crush hard rock during tunneling activity [16]. Other minerals such as
teldspars, pyroxenes, amphiboles, carbonates, and quartz, which develop alongside
vermiculite in the rock and appear as major components, as well as minor components
such as phosphates, iron oxides, titanium oxides, and zircon, can be found in vermicu-
lite ores. Some impurities, such as asbestiform amphibole minerals present in vermicu-
lite, have a negative impact on human health, as they can cause illnesses like malignant
mesothelioma, asbestosis, or lung cancer; hence, clay characterization is necessary to
detect such impurities [1].

Ilite is the most frequent clay mineral, accounting for more than half of the
claymineral suite in the deep sea. It is comparable to muscovite. They form in temper-
ate climates or at high altitudes in the tropics, and they generally reach the ocean
by rivers and wind transmission. Illite clays have a structure similar to muscovite,
although they are generally low in alkalies and contain less Al substitution for Si. As a
result, the typical formula for illites is KyAl4(Si8-y,Aly) 020 (OH)4, with 1 < y < 1.5,
but always with y < 2. Ca and Mg can occasionally be used in place of K due to a
charge imbalance. The interlayer cations of K, Ca, or Mg prohibit H,O from entering
the structure. As a result, the illite are non expanding clays. Clay micas are another
name for the illite clay mineral group. Mica is a phyllosilicate mineral that may be split
or delaminated into thin sheets that are platy, flexible, clean, elastic, transparent to
opaque, robust, reflecting, refractive, dielectric, chemically inert, insulating, light
weight, and hydrophilic [1]. Mica minerals’ atoms are bound together into flat sheets,
allowing for flawless cleavage of the minerals to generate durable sheets in a variety of
colors, including brown, green, black, violet, and colorless, with a vitreous to pearly
shine [17]. There are around 30 members of the mica group, but muscovite, biotite,
phlogopite, lepidolite, fuchsite, and zinnwaldite are the six most frequent forms
found in nature and employed in microscopy and other analytical applications [1].
Clay minerals are made up of three members (the illite group), which include illite,
glauconite, and muscovite, and display clay-like characteristics, with illite being the
most frequent. Illite is generated by alkaline weathering of potassium and aluminum-
rich rocks such as muscovite and feldspar. Illite is a 2:1 layer silicate clay mineral that is
non-expansive due to poorly hydrated potassium cations or calcium and magnesium
ions filling the gap between the crystals of individual clay particles, preventing water
molecules from entering the clay structure. Illite’s cation exchange capacity ranges
from 20 to 40 meq per 100 g. Minerals range in color from gray white to silvery white
to greenish gray. Because of their high potassium concentration, illites are used in
the structural clay industry and in agro minerals [18]. Quartz, feldspar, kaolin, and
pyroxene are among the impurities found in mica clay ores [19]. The presence of these
minerals in mica ores will affect the industrial value of the deposits as well as the
processing complexity, lowering or boosting their value depending on the uses [20].

Chlorites are hydrous aluminosilicates with an interlayer organized in a 2:1
configuration. Chlorites are fundamental minerals found in soils that weather
to generate vermiculite and smectite. Interlayered hydroxy-Al vermiculites or
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smectites, on the other hand, are regarded secondary minerals that develop as inter-
mediate mineral weathering products or by the deposition of hydroxy-Al polymeric
components inside the interlayer space of expanding minerals. There is no water
adsorption within the interlayer space; thus, chlorites are considered nonexpansive
minerals. These hydroxy-Al polycations balance a portion of the charge but they are
not interchangeable. The CEC of the expandable 2:1 clays is lowered as a function of
the quantity and valence of the hydroxy-Al polymer dwelling within the interlayer
space because the level of hydroxy-Al occupancy within the interlayer space is
varied. In the octahedral sheet inside the 2:1 layer and in the interlayer hydroxide
sheet, they incorporate mostly Mg, Al, and Fe cations, with lesser amounts of Cr,
Ni, Mn, V, Cu, and Li cations. In the tetrahedral sheet, they also show a substantial
replacement of Si by Al cations [21]. Chlorites range in color from white to practi-
cally black or brown with a green tinge, and their optical qualities are linked to their
chemical makeup [22]. In the study of phase interactions in low and intermediate
grade metamorphic rock, understanding the chemical composition of chlorite is
crucial [23]. The first mineralogical and chemical investigation of clay ores can be
used to determine the appropriateness of the material for various uses, given the
diversity of clay mineral groups in nature.

2.2 Other minerals found in clay

In addition to the phyllosilicates mentioned, the soil clay fraction may also contain
minor amounts of oxides, hydroxides, and hydroxy-oxides (sesquioxides) of Si, Al,
and Fe, as well as some weakly crystalline aluminosilicates. Quartz (owing to its excel-
lent resistance to weathering) and opal (a weakly crystalline variant of quartz that
precipitates from Si-supersaturated fluids or is of volcanic or biogenic origin) are two
common Si-oxide minerals found in the clay fraction. Gibbsite (AI(OH);) is the most
prevalent Al-hydroxide representative in severely worn soil clay fractions, whereas
goethite (FeOOH) is the most common Fe-mineral in clay fractions. Allophane and
imogolite, two weakly crystalline aluminosilicate clay minerals, are commonly found
in clay fractions of volcanic soils. The primary varieties of commercial clays include
ball clay, common clay and shale, and fire clay, in addition to bentonite (and Fuller’s
earth) and kaolin. Ball clay is mostly kaolinite, with traces of illite, chlorite, smectite
minerals, quartz, and organic matter.

3. Applications of some essential clay minerals
3.1 Bentonite

The word “bentonite” is a bit of a misnomer. It is a rock consisting of extremely
colloidal and plastic clays, mostly montmorillonite, a clay mineral of the smectite
group, and created by in situ devitrification of volcanic ash, according to geologists
[24]. Bentonite generated from ash falls is usually found in uniformly thick strata
(ranging from a few millimeters to 15 meters) that cover enormous regions [24]. It is
found in layers from ash falls and other sources all throughout the planet, although it
is most plentiful in Cretaceous and newer rocks.

Bentonite is a rock made up of extremely colloidal and malleable clays, mostly
montmorillonite, a smectite group clay mineral, that is created by devitrification of
volcanic ash in situ. Bentonite may also contain feldspar, cristobalite, and crystalline
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quartz in addition to montmorillonite. The ability to produce thixotrophic gels with
water, the ability to absorb huge amounts of water, and a high cation exchange capac-
ity are all characteristics of bentonite.

In the foundry business, bentonites are used to bind sands into suitable forms in
which metals may be cast. To hold the sand grains together, just 3-5% bentonite is
required. Bentonites have a greater green, dry, and hot strength than any other form
of clay due to their tiny particle size and the nature of their water adsorption. The
taconite industry is quickly increasing the usage of bentonite as a bonding agent [25].
A variety of sodium bentonite’s unique features are used in hazardous waste contain-
ment. Because of its swelling capacity, bentonite is an efficient soil sealant, since it
fills the gaps in the soil by expanding inside the interstices of the soil with which it is
combined, forming a very low permeability barrier. The capacity of bentonite to swell
is facilitated by the potential of a very tiny average particle size, which allows it to fill
even the tiniest of spaces. The strong cation exchange capacity improves waste reten-
tion, particularly for heavy metals. A combination of sodium bentonite and dirt also
generates a stiff, flexible mastic that is exceptionally resistant and difficult to rupture.
The capacity of bentonite to bind cationic metals and some pesticides has been used
in experiments to detoxify paraquat poisoning patients and to reduce radiocaesium
transfer to milk and other animal-derived foods.

3.2 Kaolinite

The word “kaolin” comes from the Chinese word Kau-Ling, which means “high
ridge,” and refers to a hill near Jau-chau Fu, where kaolin was first mined [26]. Kaolin,
often known as china clay, is a clay that comprises 10-95% kaolinite and is generally
composed primarily of kaolinite (85-95%).

Kaolin, sometimes known as china clay, is a mineral combination. Kaolinite is the
primary component, however it also contains quartz, mica, feldspar, illite, and mont-
morillonite. Kaolinite is made up of triclinic crystal sheets with pseudohexagonal
shape. Rock weathering is responsible for its formation. It has the ability to exchange
cations. There are three methods for kaolinite to form:

* crumbling and transformation of rocks due to the effects of climatic factors
(Zettlitz type);

* transformation of rocks due to hydrothermal effects (Cornwall type); and.
* formation by climatic and hydrothermal effects (mixed type).

The use of kaolin as a paper coating accounted for about half of total domestic
consumption and roughly 80% of kaolin exports. Kaolin-coated papers are widely used
in the production of cigarettes [24]. Smokers may be exposed to kaolinite particles by
inhaling. Kaolin was also used as a filler in the manufacture of paint, paper, and rubber,
as a component of fiber glass and mineral wool, as a landfill liner, and as a catalyst in
the refinement of oil and gas. Historically, the use of kaolin in the making of porcelain
and chinaware amounted for less than 1% of total domestic consumption in the United
States. In 2003, ceramics accounted for 80-85% of overall manufacturing in China,
with paper accounting for 5%, rubber for 3%, and paint accounting for 2%. Ceramics
consumed 290,000 tonnes, paints 84,000 tonnes, paper/paperboard 68,000 tonnes,
detergents 29,000 tonnes, and rubber 27,500 tonnes in India. Kaolinite has a variety of
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medically useful qualities. It is a good adsorbent that will adsorb not just lipids and pro-
teins but also other substances [24] including viruses and bacteria [27]. It can be used
to cause platelet aggregation and to start plasma coagulation by activating factor XII.
[28] Also, non-specific haemaglutinin inhibitors should be removed from the serum.
Kaolin is utilized as a local and gastrointestinal adsorbent in medicinal treatment
(Kaopectate, bolus alba). Kaolin may be found in a variety of cosmetics, including
eyeshadows, blushers, face powders, “powders,” mascaras, foundations, and makeup
bases. Kaolin was found in 509 different cosmetics in the United States in 1998, with
concentrations ranging from 5 to 30%, but exceeding 84% in certain paste masks [29].
Medical, pharmaceutical, and cosmetic applications, on the other hand, accounted for
around 0.01% of total kaolin usage in the United States.

4. Clay minerals AS potential application IN water purification

The assessment of water quality using the Water Quality Index (WOI) and every
available means are being developed and used by researchers [30] and [31] applied
the WOI assessment to the evaluation and validity of a river region with a single
number that checked the multiple drinking water criteria The findings were able to
certify whether the water was safe to drink or not, based on the set of criteria. Before
being deemed safe for use, drinking water and water used for other purposes must be
free of these toxins in order to encourage a healthy lifestyle free of illnesses linked to
waterborne diseases [32]. Filtration, which is a typical procedure used in water purifica-
tion, is one approach to remove harmful toxins. It entails the use of a medium, such
as a membrane or aggregates, as well as the use of a membrane or aggregates. While
adsorbing and absorbing pollutants on the media, filtration employs both physical and
chemical processes. Ceramic (clay) membranes for point-of-use filtration, cloth or
fiber membranes, compressed granular activated carbon (GAC), polymer membranes,
sand, gravel, or crushed rock, and clay aggregates are only a few examples of filtration
medium. Artifacts, medications, construction materials, electrochemical research,
cosmetics, pharmaceuticals, earthen products, and agriculture are just a few of the eco-
nomic benefits of clay [33], clay has played a vital role in water purification technology.
Clay ceramic water filters have shown capabilities in removing water contaminants such
as microbes [34], chemicals [18] and heavy metals. Ceramic water filters made from clay
and clay minerals are very efficient for water filtration through adsorption/absorption,
molecular sieving and ion exchange mechanisms [35]. Clay is also affordable, plentiful,
ubiquitous, and easily accessible. User friendliness, cultural tolerance, and cheap main-
tenance costs are further factors to consider. Many scientific and technological advance-
ments have been attributed to the characterization of materials in order to establish their
important features for optimal use and application. Clay and clay minerals’ suitability
for use in water filtration media and other industrial applications is determined by their
mineralogy, chemical composition, mechanical properties (such as plasticity), specific
surface area, porosity, functionality, and structure, as well as their interactive behavior.

5. Conclusions

In this study, it has been established that clay minerals may appear not to be the
most valuable among the minerals of the earth surface, yet they affect life on earth
in far reaching ways. Little would be known to man in ages past that the uses of
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clay surpass molding bricks and all sort. Recent studies have shown that some of it
classes are used for intumescent coatings and gaskets, treatment of toxic waste and
air-freight. Due of its characteristic plastic property, clay has several industrial uses,
which include manufacturing of refractories as well as in drilling mud in the water, oil
and gas industries. Today, natural clay derivatives, a group of low-cost adsorbents,
naturally with the hydrophilic characteristics have emerged to be a new solution to
control the mobility and emission of water pollutants in the groundwater tables.
Specifically, these unique adsorbents and its modified derivatives are found capable
to remove anionic contaminants, hydrophobic or nonpolar organic pollutants through
the interlayer (quaternary ammonium cations) exchange process.
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Chapter 13

Sedimentary Characteristics of the
Member 1 of the Middle Devonian
Suotoushan Formation and Its
Ore-Bearing Potential in
Northeastern Yunnan

Zigheng Wang, Xin-Sheng Jiang, Bang-Guo Zhou
and Sheng-Lin Lu

Abstract

Super-large quartz sandstone deposit has been discovered in Northeastern Yunnan
and the major ore-bearing bed is occurred in the Member 1 of the Middle Devonian
Suotoushan Formation. Systematic study on the sedimentary characteristics of the
Suotoushan Formation in Yiliang region, northeastern Yunnan Province has been
conducted, Profile surveying, drilling and trenching show that, microscopic identifica-
tion, the thickness of the Suotoushan Formation is 62.8 m ~ 222.7 m and principally
composed of gray-white thick-bedded medium-grained quartz sandstone with well
developed parallel bedding, swash bedding, oscillation cross-bedding and wave ripple,
showing remarkable wave action features. Thin section observation shows that quartz
sandstone in the Member 1 of the Suotoushan Formation is grain supported, siliceous
cemented, concave-convex and line contact and the pressure solution and secondary
overgrowth of quartz sand grains are obvious. Grain size analysis shows that the grain
size is concentrated between 1.5® and 3.5® with saltation population up to 99% which is
composed by tow sub populations and lacking of traction and suspension populations,
showing a typical foreshore grain size distribution. Chemical analysis shows SiO,
chemical purity of the quartz sandstone is 99.05 ~ 99.39 with weighted average 98.99
(N = 11) which has exceeded the industry standard for first-grade raw material of plate
glass. Based our studies above, it can be concluded that the quartz sandstone in Member
1 of Suotoushan Formation is high energy coastal foreshore sediments with high texture
and mineral maturity, and has been further purified by diagenesis, and both the grain-
size characteristic and chemical purity have reached the standard of high-purity quartz
sandstone, which can be expected raw material for high-purity quartz. The results in
this article can provide accurate prospecting target to enlarge the resources potential of
high-purity quartz deposits in northeastern Yunnan.

Keywords: Northeastern Yunnan, high-purity quartz sandstone, Middle Devonian,
Suotoushan Formation, foreshore
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1. Introduction

High purity quartz is a high-tech strategic mineral resource which is scarce in the
world and in China-and the quartz sandstone of littoral facies is a potential high-
purity deposit [1]. It is the raw material of high-grade quartz products and the
material basis of high-end products in silicon industry. It can be widely used in
photovoltaic electronic information electric light source and optical communication
industry. It plays an important role in strategic emerging industries such as new
materials and new energy [2]. High purity quartz sandstone is a characteristic mineral
in Wumeng mountain area, mainly distributed in northeast Yunnan province, which
is the pillar mineral for zhaotong Government to build “Yunnan Silicon Valley” [3].
The current domestic production of high purity quartz sandstone strata in fluvial
facies (Xiaodian in Sugqian city, Sidaoliangzi in Inner Mongolia, Hewan in Lanzhou
city), lacustrine facies (Dengjiatun in Shuangliao city, Yamenying and Zhangwutai in
Tongliao city, Songfeng in Jiangxi), less littoral facies is found and always mainly loose
quartz sand (Dongfang city, Beihai city, Dongshan city), it’s low purity and impurity.
The large-scale production of high-purity quartz sandstone produced in northeast
Yunnan is restricted by the lag of mineral resources assessment and sedimentary
facies research. Therefore, it’s the strategic demand to carry out the potential evalua-
tion of high-purity quartz ore in northeast Yunnan and expand its resource stock to
support “Yunnan Silicon Valley”. The Middle Devonian Suotoushan Formation dis-
tribute extensive in Yiliang area, northeast Yunnan, and it’s an important potential
area of high purity quartz sandstone deposit [4]. Previous studies based on small scale
and limited outcrop sequence stratigraphy considered that the sedimentary facies of
middle Devonian in northeast Yunnan is barrier coast facies [5], and more detailed
sedimentary facies analysis has not been carried out systematically. Therefore, the
author carried out a systematic study on the sedimentary characteristics of the Mem-
ber 1 of Suotoushan Formation, collected 7 samples for grain size analysis and 22
samples for chemical analysis (Figure 1), and discussed the sedimentary facies char-
acteristics of the first member of Suotoushan Formation and the genetic mechanism of
the high purity quartz sandstone in northeast Yunnan.

The study area is located in the Kang-Dian fault depression belt at the western edge
of the South China block, with kang-dian uplift in the west and Upper Yangtze uplift
in the north, forming a southward opening bay, known as Zhaotong-Weining
Depression (called Zhaotong Bay in this paper) [6]. In the late Middle Devonian, the
study area is a littoral shallow sea clastic sedimentary area, mainly composed of quartz
sand with high maturity in the littoral zone, distributed in a ring band on the east side
of the Kang-Dian uplift and the southwest side of the Upper Yangtze uplift. Due to the
influence of the Middle Devonian Haikou movement, small uplift is seen in the
interior of the bay (Figure 1) [6]. Created by Xian Si-yuan in 1974 its mountain group
name in Suotoushan of Qingmen in zhaotong city, the Middle Devonian strata group
of Qingmen which is the shelf sea sedimentary contact the Late-Middle Devonian on
Hongyapo group of tidal flat shelf sea sedimentary contact, main rock is fine-grained
quartz sandstone, pure texture, well sorting and roundness. The lower and upper as a
pure quartz sandstone, the middle part is sandstone with siltstone and mudstone [7].
The Suotoushan Formation in the area can be roughly divided into three members.
The Member 1 and Member 3 of Suotoushan Formation are mainly quartz sandstone.
The Member 2 of Suotoushan Formation contains more siltstone and mudstone. The
quartz sandstone in the first member of Yutoushan Formation has the purest texture
and is the host layer of high purity quartz sandstone in the study area.
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Figure 1.
Devonian tectonic setting, paleogeographic framework, brief geological map of Northeastern Yunnan and sampling
position (after rveference [5]).

2. Type section
In order to reveal the sedimentary characteristics and lithofacies paleogeographic

evolution of quartz sandstone in the Member 1 of Suotoushan Formation in the
study area, the author measured several sections>The type sections are listed as follows.

(1) The measured stratigraphic profile of Suotoushan Formation of Middle Devonian (D,st) in
Caijiawuji, Yiliang County (P14)

Overlying strata: Hongyapo Formation of Middle Devonian (D5hy)

30. Dark gray shale, the upper part is gray white thin bedded quartz sandstone, containing mud 0.9m
and gravel, the grain size becomes coarser upward

onformable contact:

Member 3 of Suotoushan Formation(D,st>)

29. Dark gray shale, the upper part is gray white thin bedded quartz sandstone, containing mud 9.8m
gravel, upward grain size coarsening
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28. The grayish white thin bedded fine-grained siltstone sandstone intercalated with gray mud ~ 3.7m

shale and wave-forming ripple developed

27. The lower part is grayish white medium grained quartz sandstone with 8cm grayish yellow thin  8.8m

bedded argillaceous siltstone. the upper part is gray-white thin bedded fine grained quartz sandstone

26. The gray-white thin bedded fine-grained quartz sandstone interbedded with dark gray mud 30.7m

shale in a ratio of approximately 3:1-5:1

25. Gray-white middle-grained fine-grained quartz sandstone, with bluish silty mudstone at the 8.8m

bottom

24. Gray-white thin bedded fine grained quartz sandstone 5.9m

23. Gray-white fine-grained quartz sandstone mixed with gray-green and purple mudstone, mud 12.6m

shale

22. Gray thick bedded fine-grained quartz sandstone with cross bedding 14.4m

21. Gray thin-medium grained quartz sandstone, with argillaceous masses, oblique bedding and 11m

scour surface, gray thin-medium lithic quartz sandstone, silty mudstone intercalated mudstone

can be seen locally

20. Greyish-white thick bed — massive fine grained quartz sandstone 4.5m
onformable contact

Member 2 of Suotoushan Formation(D,st?)

19. Interbedded gray mudstone and gray-yellow medium siltstone with unequal thickness 20.1m

18. Gray — white meso-grained quartz sandstone developed in parallel bedding 36.5m

17. The lower part is gray and black-dark, yellow-gray, green mud shale, the upper part is dark  39.2m

gray mudstone

16. Greyish-white mesomorphic powder-fine quartz sandstone 2.5m

15. Thin bedded mudstone and silty mudstone interspersed with gray-white medium - grained  57.3m

quartz sandstone

14. The lower part is dark-gray thin-medium quartz siltstone and dark-gray argillaceous 20.7m

siltstone, and the middle and upper part is gray-yellow medium quartz siltstone. Pyrite clumps

are seen in the quartz siltstone at the top

13. The lower part is grayish yellow medium lithic siltstone, and the middle and upper part is 14.7m

grayish white medium fine siltstone sandstone

12. Dark gray mudstone 14.9m
onformable contact

Member 1 of Suotoushan Formation(Dst')

11. Gray-white thick bedded fine grained quartz sandstone 6.8m

10. The lower is yellow-gray medium siltstone and gray-white thick bedded fine grained quartz 45.6m

sandstone, the middle is covered by mantle rock, the upper is gray thin bedded argillaceous

siltstone and gray-white thin bedded fine-grained quartz sandstone

9. The gray-white thick bedded medium-grained quartz sandstone.the lower part contains 1- 31.1m

3cm purplish thin mudstone and 30cm argillaceous siltstone

8. Gray-white thick bedded fine grained quartz sandstone 43.5m

7. Gray-white thick bedded fine-grained quartz sandstone with gray-white thin bedded fine- 4.4m

grained quartz sandstone in the middle, grayish yellow silty mudstone and mid-bedded fine-

grained quartz sandstone can be seen at the top

6. Gray-white medium-thick bedded fine-grained silty quartz sandstone 7m

5. Gray-white thick bedded fine grained quartz sandstone 28.8m
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4. Gra-white thick bedded fine-grained quartz sandstone Light flesh-red, grayish white thick 48.2m
bedded medium-grained quartz sandstone, occasionally parallel bedded. The upper quartz

sandstone is obliquely bedded. Gray argillaceous siltstone about 60cm in the lower part, gray-

green mudstone 30—40cm in the middle, and purple red quartz sandstone 50cm thick in the top

3. Gray-white thick bedded medium-fine grained quartz sandstone, with 15cm iron bearing fine 6.1m
grained quartz sandstone at the bottom. The upper medium-grained quartz sandstone reaches
the industrial standard of silica ore

onformable contact:

Lower strata: Middle Devonian Qingmen Formation (D2gm)

2. Gray-green thin bedded siltstone intermixed with dark gray shale, 3-6cm purplish red 1.2m
argillaceous siltstone at the top, and 1.2m dark gray argillaceous mass at the cross section

(2) Measured stratigraphic profile of Yutoushan Formation of Middle Devonian (D,st) in
Songlinpo, Yiliang County(P6)

Overlying strata: Hongyapo Formation of Middle Devonian (D,hy)

24. Purplish-red and gray-green silty mudstone interbedded with grey thin bedded quartz silt- ~ 9.77m
fine sandstone. The ratio of the two lithologies is about 1:1

onformable contact:

Member 3 of Suotoushan Formation(D,st>)

23. Gray-white thin-medium grained quartz sandstone 1.26m

22. Gray, thin-medium quartz sandstone. The quartz sand layers are interspersed with gray- 2.84m
green and 1-8cm purplish red thin-layer siltstone. From bottom to top, quartz sandstone

becomes thinner and siltstone thickens. In the middle and upper part, the ratio of quartz

sandstone to gray-green and purple siltstone approaches 1:1

21. Light gray thick bed to massive quartz sandstone 5.77m

20. The bottom is gray-white thin bedded fine-grained quartz sandstone(gravels at the bottom), 1.29m
the middle is gray-yellow thin bedded siltstone, the top is gray-green thin bedded mudstone

onformable contact

Member 2 of Suotoushan Formation(D,st>)

19. Gray white thin to medium grained fine-grained quartz sandstone interbedded with mud 1.03m
shale and very thin argillaceous siltstone

18. Thick layers of gray-white massive fine grained quartz sandstone. 40cm thick gray-green 24.63m
silty mudstone in the middle and upper part, and it is separated from the next layer by 1-3cm
thick gray-green silty mudstone at the top

17. Light grey mudstone interbedded with grey white quartz siltstone 0.58m
16. Greyish medium grained quartz sandstone 2.02m
15. Thick gray-white massive fine and medium-grained quartz sandstone 20.73m

14. It is a set of siltstone, quartz sandstone, argillaceous siltstone and silty mudstone assemblage, 5.37m
which can be divided into five parts. The bottom is purplish red siltstone, the middle and lower

part is gray white thin bedded quartz sandstone, the middle part is sandwiched with 50cm thick

gray white thin bedded argillaceous siltstone, the middle and upper part is purple red thin

bedded argillaceous siltstone, the top is gray green thin bedded argillaceous mudstone

onformable contact

Member 1 of Suotoushan Formation(Dst')

13. Thick layer of gray-white massive fine grained quartz sandstone 12.4m

12. Light grey thin — mesomorphic fine-grained quartz sandstone bounded by grey-green 5.72m
extremely thin mudstone at the bottom
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11. Grayish-white medium-thick fine-grained quartz sandstone 0.71m

10. Gray, thin — medium quartz sandstone 3.57m

9. This layer is a combination of mud shale and siltstone, true thickness of this layer is about 0.67m

70cm. It can be divided into three parts. The bottom (25cm) is gray green thin layered mud

shale; The middle part(25cm) is gray-yellow medium-lithic quartz sandstone. The upper part

(25cm) is purplish red thin bedded siltstone

8. Greyish medium - thick fine grained quartz sandstone 1.8m

7. Gray-yellow thin — intermediate lithic quartz sandstone 3.14m

6. Thick greyish — massive fine grained quartz sandstone 0.9m

5. Grayish white thin — medium grained quartz sandstone interbedded with very thin grayish 10.53m

green mudstone

4. Gray thin bedded fine grained quartz sandstone 4.66m
onformable contact

Lower strata: Qingmen Formation of Middle Devonian (D,gm)

3. Gray-green silty mudstone 5.5m

(3) Measured stratigraphic profile of Suotoushan Formation (Dst) in Haibatou, Daguan County(TP1)

Overlying strata: Hongyapo Formation of Middle Devonian (D,hy)

13. Gray-green mudstone and silty mudstone interspersed with a small amount of gray-white 28.40m
thin bedded fine-grained quartz sandstone
onformable contact
Member 3 of Suotoushan Formation(D,st>)
12. Gray - white thick bedded fine grained quartz sandstone 14.0m
onformable contact
Member 2 of Suotoushan Formation(D,st*)
11. Gray mudstone with little iron 1.30m
10. Gray thin bedded fine grained quartz sandstone 0.80m
9. Gray mudstone with little iron 0.90m
onformable contact
Member 1 of Suotoushan Formation(Dst')
8. Gray medium-thick bedded fine-grained quartz sandstone, little pyrite nodules included 8.10m
7. Gray thick and blocky fine-grained quartz sandstone. fossil plant fragment included, large 16.50m
oblique bedding developed
6. Gray medium-thick fine grained quartz sandstone 5.30m
5. Thin-bedded fine-grained quartz sandstone interbedded with iron argillaceous quartz siltstone 8.40m
of unequal thickness
4. Thick gray blocky fine-grained quartz sandstone, horizontal bedding developed 19.60m
3. Gray thin bedded fine-grained quartz sandstone 2.10m
2. Gray medium-thick fine-grained quartz sandstone 2.80m
onformable contact
Lower strata: Qingmen Formation of Middle Devonian (D,gm)
1. Gray silty mudstone 14.60m
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From the above three representative measured sections, the boundary between top
and bottom of Suotoushan Formation is clearly marked and the internal tripartite is
extremely obvious, which can be compared regionally (Figure 2). The Member 1 of
Suotoushan Formation is mainly composed of gray-white medium-thick bedded
quartz sandstone with relatively few muddy interbeds, which is a concentrated pro-
duction layer of high purity quartz sandstone. Many muddy interlayers in Member 2
of Suotoushan Formation, and the quartz sandstone is dark in color and mainly thin
bedded, which is not the enrichment layer of high purity quartz sandstone. Although
Member 3 of Suotoushan Formation contains more quartz sandstone, there are more
mud interlayers, which is not the ideal formation for high purity quartz sandstone
production. Therefore, only the sedimentary structure, tectonic characteristics and
sedimentary environment of Member 1 of Suotoushan Formation are discussed
detailedly in this paper.

3. Sediment structure

Member 1 of Suotoushan Formation in the study area is mainly gray-white
medium thick bedded quartz sandstone. Microscopic identification results show that
the minerals are mainly medium-fine quartz, with a content of 99% the roundness is
subedge, grain support, Moderate sorted, concave-line contact, and the
cementation mode is press-inlay — pore type. Field profile shows the Member 1 of
Suotoushan Formation is dominated by gray-white medium-thick bedded quartz
sandstone with sheet sand body. Parallel bedding (Figure 3a) and wash bedding
(Figure 3b) are extremely well developed. Straight ridge wave-forming marks
(Figure 3c), small flowing wave marks and exfoliated lineation can be seen on the
plane. Skolithos in the vertical plane can also be seen in the Luohanba section
(Figure 3e). Sedimentological studies show [8, 9] that parallel bedding, wash bedding
and wave-forming ripple marks are typical structures of the foreshore wash zone,
while small flow ripple marks are products of wave backflow deposition. Therefore, it
can be considered that the sedimentary environment of Member 1 of Suotoushan
formation is the foreshore zone. The existence of Skolithos [10] also indicates that the
sedimentary environment of Member 1 of Suotoushan Formation is dominated by the
foreshore zone.

4. Grain size analysis

The grain size distribution characteristics of sedimentary rocks can reflect the
hydrodynamic conditions of sedimentation, and the results of grain size analysis are
an important means to distinguish the sedimentary environment [11]. Sediment can
be transported in three ways in normal traction flow: suspension, saltation, bottom
passage or traction. Different sedimentary environments have different transport
modes, among which the eolian dune sand and beach sand have narrow grain size
interval, saltation is specially developed in general, while the passage is not developed
in general and there is a lack of suspension. The biggest characteristic of beach sand is
that there is a cut-off point inside the saltation whole, which represents the slight
change of wave round-trip energy [11]. The quartz sandstone in the Member 1 of
Suotoushan Formation is mostly medium and fine grained quartz sandstone
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Histogram correlation diagram for the Middle Devonian Suotoushan Formation in Novtheastern Yunnan.

(Figure 3f), with excellent sorting, grain support, voidaceous cementation, and void
filled by secondary enlarged quartz (Figure 3g). Its mineral maturity and structural
maturity are extremely high. In order to quantitatively reveal the grain size distribu-
tion characteristics of quartz sandstone in the Member 1 of Suotoushan Formation,
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(e) ®

(9) (h)

Figure 3.
Typical sedimentary texture and structure of the Member 10f the Suotoushan Formation.
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seven samples were randomly selected for grain size analysis in this paper
(Table 1, Figure 4a—c).

The results showed that the samples were dominated by fine sand, followed by
medium sand, containing a certain proportion of very fine sand, most of which did
not contain coarse silt, only one sample detected coarse sand (Y170588006, 6.06per),
completely missing gravel particles, silt and clay particles. The separation coefficient
(So) is between 0.78 and 0.92. Comparison sorting coefficient grading standard (Fine:
1-1.23; Good: 1.23-1.41; Medium: 1.41 to 1.74; Poor: 1.74-2.0; Bad: > 2.0) [11], and the

Y170588001 YI70588003
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Figure 4.

Grain size analysis diagram of the quartz sandstone from the Member 1 of the Suotoushan Formation (diagram
(d) is after veference [11]) (NPA-Normal probability accumulation).
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sorting degree of the analyzed samples was better than “very good” grade. Standard
deviation (o) can also describe the sorting degree, with most samples ranging from
good (0.35-0.50) to excellent (< 0.35). The skewness (SK) values of the samples
were 2 near symmetrical (—0.10 ~ +0.10), 3 positive skewness (+0.10 ~ +0.30) and
2 polar positive skewness (+3 ~ +1.0), and the grain size peak value was inclined to
the fine end. It is generally believed that beach sand is mostly negatively skewed and
dune sand is mostly positively skewed [11]. The characteristics of sample skewness
of the Member 1 of Suotoushan Formation may be related to the dissolution and
fining of quartz particles during diagenesis. Kurtosis mainly describes the convexity
of grain size curve, so as to reflect the concentration degree of grain size, and is also
an indicator of the degree of sediment sorting. The classification levels are: very
wide (< 0.67 =, wide (0.67 ~ 0.90), narrow (1.11 ~ 1.50), very narrow

(1.50 ~ 3.00), and very narrow (> 3.0) [11]. The kurtosis of the quartz sand in the
Member 1 of Suotoushan Formation is very narrow and the grain size distribution is
unusually concentrated, indicating that the quartz sand has undergone very suffi-
cient sorting and transformation, thus laying the foundation of high purity quartz
sandstone. Appears above a mountain group quartz sandstone grain size analysis
results show that the majority of samples to a single modal nearly normal distribu-
tion, the lack of time overall, overall and suspended saltation overall content above
99per, and can distinguish two general, show wave flow and reflow sedimentary
characteristics, and the ideal of foreshore with particle size distribution (Figure 4d).
It should be noted that the internal intercept points of the saltation of quartz
sandstone in the Member 1 of Suotoushan Formation are not clear, indicating that
the sorting ability of quartz sandstone is close to eolian dune sand and superior to
ordinary beach sand. This is also an obvious feature of quartz sand in the

Member 1 of Suotoushan Formation, which is different from other quartz
sandstone along the shore.

Member 3 of Sample Si0, AlL,O; Fe,O; Member 1 of Sample  SiO, ALO; Fe,0;

ls:';z:::zl:" TCI-HI 9021 420 235 S;’z:::l};;" TCO-HI 99.07 022 025
TC1-H2 94.64 188 229 TCO-H2 99.05 0.21 0.23
TC1-H3 97.08 0.41 225 TCO-H3 98.83 0.16 0.51
TC1-H4 9828 045 1.07 TCO0-H4 99.14 0.26 0.26
TC1-H5 9818 033 1.32 TCO-H5 9935 0.21 0.10
TC1-H6 9731 037 211 TCO-H6 99.26 0.19 0.14
TC1-H7 9784 0.40 1.48 TCO0-H7 9939 0.14 0.14
TC1-H8 97.02 0.63 2.05 TCO-H8 99.20 0.14 0.32
TC1-H9 9850 0.56 0.60 TCO-H9 9897 022 0.42
TC1-H10 90.20 4.65 2.07 TCO-H10 98.28 0.43 0.33
TC1-H11 98.06 0.29 151 TCO-H11 98.34 0.48 0.32
Industry Superior >98.5 <1.0 <0.05 Standard according to the quality requirements of
;:cla:;c;l:;isof Levell 980 <10 <0.10 silicon materials for flat glass (DZ/T027-2002)

Table 2.
Chemical analysis data of the Member 1 and Member 3 quartz sandstone of the Soutoushan Formation (%).
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5. Chemical purity

Chemical purity is one of the evaluation factors of high purity quartz sand [1], and
also a standard to measure whether it meets the plate glass industry index [12]. In
view of this, the chemical composition of quartz sandstone in the first and Member 3
of Suotoushan Formation in the study area was analyzed (Table 2). The analysis
results show that, except for a small amount of Fe,O3, the SiO, index of the Member 1
of Suotoushan Formation quartz sandstone exceeds the standard of the first grade
industrial index for flat glass, while the Fe,O3 and SiO, quartz sandstone of the
Member 3 of Suotoushan Formation basically cannot reach the standard of the first
grade. Therefore, the Member 1 of Suotoushan Formation is a favorable horizon for
high purity quartz sandstone deposit.

6. Discussion
6.1 Correlation with grain size characteristics of high-purity quartz sand

The grain size and its distribution are two of the four basic characteristics of high
purity quartz sand (chemical purity, grain size, grain size distribution and particle
shape) [1] and an important factor which directly affects the equilibrium melting of
high purity quartz sand and a material control index to reduce the defects of quartz
glass [13]. Therefore, Shi Bin et al. established a set of grain size parameter evaluation
system for high purity quartz sand [14]. The grain size parameters of typical high-
purity quartz sand are as follows: average grain size (Mz) = 3.125®; Standard deviation
(o) = 0.274; Partial degrees (SK) = 0.000. The grain size parameters of samples (ZOZ)
are as follows: average grain size (Mz) = 2.64®; Standard deviation (c) = 0.33; Partial
degrees (SK) = 0.36. The comparison results show that the grain size, grain size
distribution and grain size curve of quartz sand in the Member 1 of Suotoushan
Formation reach or approach the index of high quality and high purity quartz sand-
stone. Considering the common grain size characteristics of foreshore deposits, the
quartz sandstone of the Member 1 of Suotoushan Formation should be the most ideal
high purity quartz sandstone.

6.2 Relationship between sea level rise and high purity quartz sandstone

The Qingmen Formation in the lower strata of Suotoushan Formation is dominated
by gray-green, yellow-green and yellow-gray mudstone, intermixed with sandy mud-
stone, siltstone, argillaceous limestone and limestone. The fossils of normal shallow
sea creatures are abundant, mainly brachiopods and corals. Trilobites, ammonites and
bambusitic stones are found in the shallow sea shelf environment [7]. The Member 1
of Suotoushan Formation shoreline quartz sandstone is obviously lower than Qingmen
Formation shallow sea shelf deposition, which records an event of sea level decline
and shallow sea shelf uplift and exposure. Extensive shelf exposure can lead to quartz
sand sorting, transformation and redeposition, which may be one of the reasons for
the high structural and compositional maturity of quartz sandstone in the Member 1
of Suotoushan Formation. The Member 1 of Suotoushan Formation in the study area is
gray medium fine quartz sandstone, with almost no argillaceous interlayer, indicating
that the sedimentation of sedimentary basement and sedimentary filling were in a
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long-term equilibrium state, and the sedimentary environment was always in the
foreshore zone, which was conducive to the full sorting and enrichment of quartz
sand. The Member 2 of Suotoushan Formation is mainly composed of thin bedded
sandstone and mudstone, which is estimated to be littoral zone-inner shelf deposition,
indicating that the sea level begins to rise and the weakening of hydrodynamic condi-
tions is not conducive to quartz sand sorting and enrichment. Although the sea level of
the Member 3 of Suotoushan Formation fell again during the sedimentary period, the
sedimentary environment was not stable and the medium thickness bedded quartz
sandstone was not developed, which was not conducive to the formation of high
purity quartz sandstone deposits. Chemical analysis results (Table 2) also prove that
the purity of quartz sandstone in the Member 1 of Suotoushan Formation is higher
than that in the Member 3 of Suotoushan Formation.

6.3 Diagenetic purification process of quartz sandstone in the Member 1 of
Suotoushan Formation

The microscopic observation shows that the contact relationship between quartz
particles in the Member 1 of Suotoushan Formation has developed from simple grain
support to concave and convex intercalation, and the intergranular pores are filled by
secondary expansion edge of quartz. It is generally believed that pressure dissolution
first occurs at the contact position of quartz particles. Simple pressure can locally
improve the solubility of minerals or rocks, and pressure on a certain point on the
surface of dry solid material can improve the solubility of the material at that point,
which is the basic theoretical basis of pressure dissolution [15]. In the process of
pressure dissolution, elements such as silicon, aluminum, sodium, potassium and
calcium enter pore water with mineral dissolution, leading to material redistribution
[15]. SiO, can be precipitated around quartz sand particles again, forming quartz
enlarged edge, while other materials may be taken away with pore water, further
purification of quartz sandstone. Pressure solution phenomenon not only exists
between particles, but also generally exists between layers and cracks. Sutures and
pressure solution pits are relatively developed (Figure 3h). It can be seen that the
quartz sandstone of the Member 1 of Suotoushan Formation has undergone the dia-
genetic process of pressure dissolution and SiO, reprecipitation, which undoubtedly
further purified the quartz sandstone of the Member 1 of Suotoushan Formation. It
can be considered that the high purity quartz sandstone of the Member 1 of
Suotoushan Formation not only has the deposition of high purity quartz sand but also
has the diagenetic purification process. The specific diagenetic purification process
and mechanism need to be further studied.

7. Conclusion

1.The Member 1 of Suotoushan Formation is a quartz sandstone deposit with
high mineral maturity and structural maturity in the foreshore zone, which
is a favorable horizon for the exploration of high-purity quartz sandstone
deposit.

2.The high-purity quartz sandstone of the Member 1 of Suotoushan Formation is
recycled quartz sand, which is the result of uplifting, exposure and redeposition
of the underlying shallow sea shelf.
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3.The diagenesis (pressure dissolution and siliceous cementation) of the Member 1
of Suotoushan Formation improves the purity of SiO, further.

4.The grain size characteristics of the Member 1 of Suotoushan Formation are up to
or close to the index of high quality and high purity quartz sandstone, and the

chemical purity exceeds the standard of the industrial index Grade I for flat glass,
so it can be used as the raw material of high-purity quartz sand.
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