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ABSTRACT

Identification of Tephras From the Eastern Mediterranean
Using Solid State Techniques

Ernesto E. Moran

Solid state techniques have been used to characterize volcanic deposits from two
areas in Greece: the Philippi peat basin, and the Myrt66n basin. The characterization
involved the use of X-ray powder diffraction (XRPD) to identify the minerals present in
the materials, electron probe microanalysis (EPMA) to obtain the chemical composition
of the glassy components, and scanning electron microscopy (SEM) to study the
morphology of the glassy components. The materials from the Philippi peat basin were
found to be part of three tephra layers that are widespread in the area of study. The layers
were composed of cuspate glass shards, vesicular pumice shards, and mineral fragments.
The upper tephra layer (UT) was 3-4 cm thick, with an approximate age of about 10 ka.
The median tephra layer (MT) was 2-4 cm thick, with an approximate age of about 18 ka.
Both of these tephras, UT and MT, possibly originated from the Akrotiri eruptions of the
Thera volcano. The lower tephra layer (LT) was 25 — 100 cm thick, with an approximate
age of 28-30 ka. This tephra had similar composition to tephras from the Campanian area
of Italy.

The materials from the Myrt66n basin were composed of glass shards, vesicular
pumice shards, and mineral fragments. The materials formed part of several tephra

deposits that varied in thickness depending on the location from where the materials were
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obtained. Two samples were found to have chemical characteristics that indicated that
they had possible origins in the Minoan eruption of the volcano of Thera, which occurred
3500 years ago. Two samples had characteristics that indicated that they originated from
the Akrotiri vent eruptions of the volcano of Thera, which occurred approximately 1800
years ago. Six other samples may have originated from eruptions of the volcanoes in the
Campanian area of Italy that could have occurred during several periods of activity of the
volcanoes in this area.

The morphology of the glassy fragments present in the tephras from the Myrtsén
and Philippi basins indicates that the eruptions that gave rise to these volcanic deposits

were plinian, and that the magmas involved in the eruptions were high-viscosity magmas.
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CHAPTER 1

INTRODUCTION

1.1 Statement of Problem

The study and characterization of fragmental material that originates from
volcanic eruptions is an important component of the study of volcanoes and volcanic
processes. Through these type of study, data can be obtained that may contribute to the
understanding of the conditions present in a volcanic area before, and during, and
eruptive period. This information can be used in the prediction of the magnitude of future
eruptions, and the probability of their occurrence. [28]

Most volcanic eruptions occur as an indirect result of movement of a silicic melt
that exists under the earth’s crust at high temperature and pressure called the magma. The
composition of this melt is dependent on variables such as chemical and mineralogical
composition of the source rock, degree of melting, type and abundance of volatiles, and
depth of magma generation [11].

Besides its elemental components, magma also contains dispersed in it dissolved
volatiles such as H,O, CO,, and SO,, which make up about 5 weight percent of the
magma, and high temperature crystals such as quartz, plagioclase, sanidine, augite, and
others biotite, depending on its elemental composition.

Because of its fluid nature, magma moves towards the surface of the earth along
fissures in the earth's mantle and becomes stagnated in the earth's crust in large cavities
called magma chambers. As it rises towards the surface of the earth’s crust, the pressure

exerted on the magma decreases. This decrease in pressure allows the exsolution of the



volatiles into gas bubbles called vesicles, which grow larger, in number and in size as the
magma travels to regions of lower and lower pressure. The proliferation of the vesicles
leads to the fragmentation of the magma by trapping it in the interstitial spaces between
adjacent bubbles. [11]. In addition, the exsolution of the volatiles reduces the surface
tension of the melt, restricting the expansion of the bubbles, and leading to overpressure
of the bubbles, and to bubble bursting. (See Figure 1.1)

In an aerial explosive eruption, the rapid exsolution of volatiles from the magma,
and the resulting bursting of the vesicles due to overpressure, causes the acceleration of
the fragmented magma towards the surface of the earth. This process, in turn, gives rise
to an eruption column that transports volcaniclastic particles from the magma chamber
into the atmosphere [11]. Because of convective currents, and temperature inversion at
high altitudes in the atmosphere, a mushroom-like cloud containing material of all sizes
forms above the eruption center.

The fragments and other material generated by an explosive aerial eruption are
either abruptly transported through the air and fall back to the surface, or into water
bodies, to become fallout deposits, or else they become pyroclastic flow deposits from
flows along the ground surface on land or beneath the sea. [11]

The erupted material settles mainly around the volcanic center. However, the finer
particles can become suspended in the air, forming a cloud of ash that can be carried by
the prevailing winds away from the volcanic center. The suspended ash eventually falls
onto the earth surface, or into bodies of water on the earth surface (lakes, rivers, oceans)

forming sheet deposits of ash in an elliptical pattern along the direction of the winds.
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Since the finer particles can travel long distances when carried by the winds, deposits
from a single volcanic explosion can be found spread over wide areas. Sometimes, these
deposits can form near a second volcanic center, or above already existing deposits from
another source, making the identification of the originating volcanic center complicated.

The problem presented in this work involved the characterization of samples of
volcanic material from two separate areas of Greece through solid state techniques, with
the goal of identifying the volcanic source from which the material originated. The
information obtained by this study is also expected to contribute to the body of
knowledge about the volcanic activity in the region. The two areas of study were (Figure
1.2):

1) the Philippi peat basin,

2) the basin off the Myrt56n Archipelago.

1.2 Tephrochronology and its methods of study.

One major kind of subaerial fallout deposit that is a product of pyroclastic
eruptions is called fephra [11]. Fallout tephra deposits are the most extensive kind of
volcanic sheet deposits (aerial), forming widespread blankets of pumice lapilli or ash.
Individual sheets commonly have elliptical forms due to unidirectional wind transport.
They are the result of powerful explosions and can generally be traced to a source. These
sheets are especially well preserved as ash layers in deep-sea sediments, peat bogs, lake

sediments, and in other areas of quiet sediment accumulation [11].
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Tephra is made up mainly of solid fragments of magmatic material that solidified
as it was cooled through contact with the atmosphere or with a body of water. These
fragments are usually amorphous glasses that exhibit morphological qualities such as the
spherical surfaces of bubble walls. Also contained in the tephra are fragments of the high
temperature minerals that were present in the originating magma at the time of the
eruption, as well as other minerals that formed as the conditions in the magmatic chamber
changed during the eruption [11].

The glassy fragments are classified by morphology as shards (when they are parts
of a spherical wall), pumice shards (when the fragments contain the hollow cavities from
many small elongated bubbles), and pumice lapilli (when they are larger fragments
shaped as rods). Because tephra originates from the magma, one of the features of the
glassy fragments is that they also retain the chemical characteristics of the magma at the
time of the eruption.

The study of pyroclastic deposits such as tephra layers has many uses. Pyroclastic
deposits have been used as stratigraphic marker horizons in archaeology, for measuring
sedimentation rates in sedimentary basins, to aid in the understanding of the physical
processes involved in explosive eruptions, to learn about the conditions within and
underneath volcanoes, and to asses volcanic hazard. [28]

The study of tephra layers for chronological and correlation purposes are known
as tephrochronology [11]. These types of studies can be used for establishing the origin
of the tephra layers found in the area of interest by determining their mineralogy,
chemical composition, and approximate time period of the layers.

Since the chemical composition of the tephra is reflective of the chemical



composition of the originating magma, this information helps in the identification of the
volcanic source, as well as in the understanding of the processes that were in effect in the
magmatic chambers during the volcanic explosion. The chemical composition of glass
shards, and other pyrogenic materials, can be established using techniques such as
electron microprobe, X-ray fluorescence, and atomic absorption [11].

The total mineral assemblage in the tephra is reflective of the mineral content of
the originating magma, and can be used as supporting evidence in the identification of the
source of the tephra layer under study because the mineral content will depend on the
chemical composition of the magma. It can also yield information about conditions in the
magmatic chamber such as differentiation of the magma. The mineral assembly can be
determined using techniques such as X-ray diffraction, refractive index, and optical
microscopy.

The time period of deposition of the volcanic material is another piece of
information that is useful in tephrochronology studies since it can help differentiate
between eruptions from a given volcanic source that happened at different times in the
active life of the source. The approximate ages of tephra layers are often established
through stratigraphical methods that correlate them to previously characterized layers by
making use of the position of the layer of interest in relation to the rest of the layers
present in the core. If one or more of those layers (a sapropel layer, for instance) can be
identified, then the age of the layer of interest can be defined relative to the characterized
layer(s). The approximate age is then expressed as older, or younger, than the previously

characterized layer.



Radio-dating methods make use of radiogenic isotopes that can be found as
components of the tephra material, or as components of layers such as organic material
that is found in close contact with the tephra layers of interest. The ratio of radioactive
isotopes to stable isotopes of the chosen element is measured, and the approximate age of
the material is calculated using the rate of decay of the radiogenic isotope.

To perform the identification of the tephra materials studied for this work, several
solid state techniques were employed. The chemical composition of the tephra was
established by electron probe microanalysis, the mineral content of the tephra
composition was studied by x-ray powder diffraction (XRPD), and the chronological
origin of the tephra was established by '*C dating in some cases, and by stratigraphical

methods in other cases.

1.3 Shard morphology
The shape of the glass fragments that are produced during an eruption depends on

the physical properties of the melt. The most familiar glass shards consist mainly of the
walls of tiny broken bubbles or the junctions of bubbles developed by the vesiculation of
silicic magma. Other nonvesicular processes may also form small glass particles, but they
lack bubble wall texture. [11]

Among the shards from large-scale ash eruptions of high viscosity lavas (Plinian),
there are essentially three types that form from shattered bubbles (Figure 1.3):
1) cuspate or lunate-shaped fragments of broken bubble walls that are commonly Y-

shaped and represent remnants of three bubble Jjunctions, or double-concave plates

that formed the wall between adjoining bubbles



2) flat plates from glass walls separating large flattened vesicles

3) small pumice fragments with a fibrous or cellular structure composed of small
elongate or circular cavities enclosed by glass walls

Spheroidal bubbles may also be present, but they are not common.

There are many variables affecting the shape of glass shards. However, there is
evidence to show that pumice shards tend to develop from relatively high viscosity
rhyolitic magmas with temperature < 850 °C, while bubble wall and bubble junction
shards tend to develop from lower viscosity rhyolitic magmas with temperature > 850 °C.
Spheroidal bubbles also have been described as originating from low viscosity magmas.
Shards that originate from eruptions that result in lava fountaining and ash eruptions
(Hawaiian and Strombolian types) of low-viscosity lavas ordinarily do not cause particles
to explode smaller pieces. Shards include smooth-skinned, slightly vesicular spheres,
ovoids, teardrops, dumbbells and other similar shapes, and the broken shards of these

droplets. [11]

1.4 Volcanology of the Mediterranean region

The Mediterranean region has been an area of much volcanic activity during the
past 200,000 yr. The volcanic centers that can be found in this area include the volcanoes
of the Roman province (Sabatini, Vulsini, Albani, and Vico) to the north of Rome in
Italy, the volcanoes of The Campanian province (Ischia, Phlegrean Fields, Somma-
Vesuvius, Vulture, etc) in Italy, and the volcanoes of the Hellenic Arc (Milos, Santorini,

Nisyros [14]; Kos, Yali [10]) (See Fig 1.2).



Cuspate shards

Pumice shards

C.25mm

Figure 1.3 - Diagramatic representation and terms for common glass shards
(Adapted from Fisher & Scnmincke [11]).
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The explosions of these volcanoes have altered their respective areas in many
ways such as in their geography and culture. For example, Marinatos [15] presented the
theory that widespread destruction of Minoan civilization on Crete was a result of

volcanic events on the Island of Santorini

1.4.1 - Volcanoes of the Roman province

The volcanoes of the Roman province are located in the central part of Italy, and
include the volcanoes Sabatini, Vulsini, Albani, and Vico [8].

Sabatini is a volcanic complex with many eruptive centers. Its activity is believed
to have begun about 600 thousand years ago with a mainly explosive eruptive period that
was mainly due to interaction of the magma with deep groundwater. Many other periods
of activity from the different centers followed until the last eruptions, which are believed
to have occurred about 40 thousand years ago. The ash flows from this volcanic complex
cover a large portion from what is now Rome, and have yielded the primary material for
construction in that city.

The Vulsini volcanic complex was formed from four main eruptive centers that lie
along main tectonic lines of weakness. Its activity is believed to have initiated about 800
ka. ago from fissural eruptive centers. The historic records indicate that eruptive activity
of Vulsini occurred as recently as 104 BC. The activity of this volcano has been mainly
explosive and has deposited voluminous air-fall deposits with considerable thickness.

The Albani volcano (Colli Albani, or Alban Hills) most recently erupted about

22000 years ago forming craters now filled by lakes. This volcano was formed during
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several cycles of activity that started about 600 ka ago and continued until about 22000
years ago. The volcano is seismically active.

The Vico volcano is a volcano with & relatively simple structure. The volcanic
history of Vico covers the period from 90 to 8300 thousand years ago. During this period,
four phases of activity are recognized. These - phases have been dominated by magmatic
eruptions, with a few hydromagmatic eruptiions. The eruptions formed many airfall

deposits and lava flows.

1.4.2 Volcanoes of the Campanian province

The volcanoes of the Campanian proovince are located south of those of the
Roman province. The volcanoes included ins this province are the Phlegrean Fields,
Ischia, Somma-Vesuvius, and Vulture.

The Phlegrean Fields (or Campi Flegres=i) is a caldera with two historic eruptions
and signs of unrest in recent years. Volcanism iin the area has occurred during the past 50
thousand years, including two extremely violemat explosive eruptions, the one that erupted
the Campanian Tuff (35,000 years ago) and aanother one only 12,000 years ago which
produced the Neapolitan Yellow Tuff. The tweo historic eruptions occurred in 1198 and
1538 AD.

The Ischia volcanic complex is an islanc lying off the Gulf of Napoli. The earliest
dated event occurred about 53 ka ago. Ischia hass seen many periods of activity since then,
and it is considered to still be active. Eruptionss have been '*C dated at 1000, 850, 500,
470, 350, 150 and 90 BC. Other eruptions have been recorded in 69, 180, 300, and 1800-

1900 AD. Continuing ground deformation indiczates that the volcano will erupt again.
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Somma-Vesuvius is a complex volcano with a long history. The oldest dated rock
from the volcano is about 300,000 years old. Vesuvius formed after the collapse of the
former Somma volcano about 17,000 years ago. One famous eruption from this volcano
occurred in 79 AD. This eruption was accompanied by earthquakes, air fail deposits,
pyroclastic flows, and even tsunami. It is estimated that about 10 feet of tephra fell on
Pompeii in about 19 hours, burying everything except the roofs of some buildings.
Vesuvius has erupted about three dozen time since then, most recently in the period from
1913-1944.

Monte Vulture is a volcano with several eruptive centers. The first stage of
formation occurred about 1 million years ago, and it was characterized by violent
eruptions. The latest phase of formation was characterized by lava flows, and it was

occurring as recently as 40 thousand years ago.

1.4.3 The volcanoes of the Hellenic Arc

The volcanoes of the Hellenic volcanic arc form a curved line of volcanoes
stretching from Methana in the east to Kos in the west. The volcanoes in the Hellenic arc
are Methana, Milos, Santorini, Nisyros, Yali, and Kos.

The Methana volcano is located on the peninsula of Methana, which is made of
lava domes and lava flows. Volcanism here began in the late Tertiary or early
Quaternary, with Eruptions having been recorded as early as 258 BC. The rocks at
Methana range from basalt to rhyodacite in composition.

Milos is located on the island of the same name. Milos is a Pliocene to Holocene

volcano with no historic eruptions. Domes and lava flows make up most of the island.
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Active fumaroles with temperatures up to 100 C can be found on the island. The volcanic
activity gives the island the potential to produce geothermal energy.

Santorini is a complex of overlapping shield volcanoes that form an island on
which investigators have found evidence of at least 12 large explosive eruptions in the
last 200,000 years. The eruption of Santorini in 1650 BC was one of the largest in the last
10,000 years. About 30 cubic km of rhyodacite magma was erupted. The removal of such
a large volume of magma cause the volcano to collapse, producing a caldera. The column
during the initial phase of the eruption was about 23 miles high. Ash fell over a large area
in the eastern Mediterranean and Turkey. It is believed that the eruption caused the end of
the Minoan civilization on the island of Crete.

The Nisyros volcano is on the island of Nisyros, Greece. The pyroclastic deposits
found on the island are related to two explosive phases of the volcano. The two explosive
phases were probably several thousand years apart. One phase is believed to have
occurred roughly 25000 years ago. The other phase is more recent with eruptions
occurring in 1422, 1871, and 1873. Each phase is believed to have produced tall columns
of ash above the volcano. The collapse of the tall columns of ash made the pyroclastic
deposits. Also, the volume of magma crupted was great enough to cause the top of the
volcano to collapse, forming a caldera.

The volcano of Yali is half made of pumice, which is being quarried at the present
time. The rest of it is mad of Holocene lava domes. There are no recorded historic
eruptions.

The Kos volcano is Pleistocene in age. There have been no eruptions in the last

10,000 years [8].
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CHAPTER 2

ANALYTICAL METHODS

2.1 X-ray powder diffraction

2.1.1 Principles
X-ray powder diffraction (XRPD) is a powerful nondestructive technique for the

identification of unknown crystalline solid state samples. This technique makes use of the
properties of solids to scatter an incident beam of x-rays and produce scattering patterns

that are characteristic of the crystalline solid.

2.1.1.1 Production of X-rays

X-rays are a form of electromagnetic radiation, approximately in the range of 0.5
to 2.5 A, that are produced when particles (electrons) with enough kinetic energy are
rapidly decelerated by a given material in their path. The produced X-radiation forms a
smooth continuum, called heterochromatic radiation, which consists of a mixture of
wavelengths and whose overall intensity depends on the voltage of the tube [7].

By increasing the voltage of the tube above a certain critical value, sharp intensity
maxima can occur. These maxima, called spectral lines, are superimposed on the
continuum at wavelengths that are dependent on the nature of the target material. There
are several sets of lines in a given spectrum. They are identified K, L, M, etc. after the
corresponding electron shell from which they originate. Since the intense narrow lines are
characteristic of the target material, they and the smooth continuum are known as the

characteristic spectrum of the material. [7]
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XRPD experiments require radiation that is as close to monochromatic as
possible. To obtain monochromatic radiation, a filter material can be employed to absorb
radiation of wavelengths that are not of interest. The use of filters allows for the selection
of only one set of lines, such as the K-lines, from the characteristic spectrum. The K-lines
are of special usefulness because they are usually the most intense. However, the K lines
are made up of two components, Ko; and Koy, which cannot be separated by the use

filters. In cases where a specific K line is desired, a monochromator can be used to select

it. [7]

2.1.1.2 Diffraction

Crystals are three-dimensional arrays that are made up of periodically repeating
units called unit cells, which can contain atoms, groups of atoms, or complex molecules.
The unit cells can be described using sets of imaginary lattice planes that are separated by
a perpendicular distance d (the d-spacing) from one another. While the planes may cor
may not contain atoms, the type and number of atoms that are found on these planes
depends on the nature of the material.

When an X-ray beam enters a crystal, the X-rays are scattered by all atoms in the
crystal that lie in the path of the beam. However, beam diffraction takes place only when
the Bragg law is satisfied. This law states that constructive interference between scattered
rays occurs only at certain angles, which are dependent on the d-spacing, the distance d
between the atomic planes of the crystal, and the wavelength of the incident beam [7].
The Bragg law is expressed as:

nA = 2dsin®
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where n is the order of diffraction, d is the interplanar distance, and 0 is the angle formed
the by the incident beam and the atomic planes. Figure 2.1 illustrates the diffraction of X-

rays according to the Bragg law.

C

0

Atomic
planes

Figure 2.1 — Graphical representation of the Bragg law (Adapted from Bish & Post [3])

2.1.1.3 Experimental technique

In the powder method, an X-ray beam is directed from an X-ray tube (or less
commonly, from synchrotron radiation) towards the sample under study. A scan of the
angles of diffraction by a detecting device is then performed to measure the position and
intensity of the diffracted beams. The intensity of the diffracted beams, which is
dependent on the type and position of the atoms in the cell, is plotted against the
corresponding Bragg angle. The resulting plot is a pattern of reflections that are unique to
the crystal under investigation. This feature is useful in the identification of unknown
substances because the position and intensity of the diffracted lines can be compared to

those of known materials in a database.
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2.1.2 Instrumentation
2.1.2.1 X-ray tubes

In modem instrumentation, X-rays are produced in X-ray tubes, which are
evacuated tubes containing a filament and a metal target. The filament is heated by the
filament current, which causes it to emit electrons. These electrons are then accelerated
towards the target by high voltage across the tube. When the accelerated electrons hit the
target material in the tube, X-rays are emitted in all directions and are allowed to escape
through windows in the tube housing. These emitted X-rays have wavelengths that are

characteristic of the target material [7].

Radiation
detector

ALY \
\\\\\\\\\?[ \
NN

‘\ \\ \

X-ray source
Monochromator
P -
Focusing Circle -
Sample holder

Figure 2.2 — Diagram of a diffractometer setup (Adapted from Bish & Post 3D
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2.1.2.2 Diffractometer

The diffractometer setup is illustrated in Figure 2.2.
In Figure 2.2, an X-ray beam coming from the X-ray tube passes through a collimater
assembly and a divergence slit assembly, irradiating the specimen. The incident beam
reaches the specimen at an angle theta from the plane of the specimen. The rays are
diffracted by the specimen, pass through a receiving slit, and are detected by a radiation
detector. The detecting device is set up so that it measures the diffracted radiation at an
angle theta from the plane of the specimen, but at an angle 2-theta from the direction of
the incident beam. To maintain this geometry, in some diffractometers, the X-ray source
and the detector are moved along their respective circles at the same angular velocity, but
in opposite directions, while the sample remains stationary. In other diffractometers, the
detector rotates at twice the angular velocity of that of the sample, while the X-ray source
remains stationary. The detecting device can be a scintillation detector, a gas proportional
detector, or a semiconductor type of detector called a solid-state detector [3].

The experiments described in this work were performed using a Scintag XDS
2000 X-ray diffraction system equipped with a solid state detector, a copper radiation
tube, a monochromator, and a 12-position auto-sampler. The angle position was
calibrated using silicon powder standard. The experiments were conducted using the Ka
line of copper (wavelength = 1.54060 armstrong units). The instrument was operated in
step-scanning mode at a speed of 2-theta = 0.3 degrees per minute, with a step size of

0.02 degrees.
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2.1.2.3 Sample preparation

The samples were ground using a mortar and pestle to achieve a small and
uniform particle size. The ground samples were then mounted on circular sample holders
for use in the auto-sampler. In the cases where the amount of sample was too small, a
low-background quartz insert was used in the sample holder to minimize the volume of.

the sample cavity. The quartz insert contributed no reflections to the patterns.

2.1.3 Analysis of XRPD data
2.1.3.1 Data Reduction

The data generated through XRPD experiments consists mainly of X,y paired data
where x is the 2-Theta angle of diffraction and y is the intensity of the diffracted beam.
This data, which is usually called the raw data, is usually represented as a graph of
intensity (I) vs. 2-theta angle, and is characteristic of the material under study. This is a
useful feature that allows for the identification of an unknown by comparison to the
XRPD pattern to a series of known patterns using a list of peak positions. However, the
raw data usually contains other components (like background intensity, and Koo
corriponent of the X-radiation) that must be removed before the comparison of patterns is
started.

The materials studied for this work were complex mixtures of amorphous material
(glass shards, pumice shards) and crystalline mineral phases with similar chemical
compositions. The XRPD patterns that were obtained for these materials contained an

amorphous background as well as many overlapping reflections.
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A computer-aided method was used to identify the spectrum of minerals present in
the samples. The method of analysis of the XRPD data consisted of three steps:
1. Correction of the raw data pattern
2. Extraction of peak lists from the raw and corrected patterns
3. Identification of possible components present in the material through a search/match
procedure
The method of analysis is best illustrated through the use of an example. The
following example is the process used to analyze the data for sample EEM-6: PH2 487-

490.

2.1.3.2 Correction of the raw data pattern

The raw XRPD pattern of sample EEM-6 (PH2 487-490) is shown in Figure 2.3.
The pattern shows the presence of crystalline reflections superimposed on an amorphous
background. In general, the peaks are of weak intensity, as compared to the intensity of
peaks exhibited by a similar amount of pure minerals. A few strong, more intense
reflections can be observed at around 26.5 2-Theta, but most peaks are of weak intensity.

Before a list of peak positions and intensities could be generated, some
corrections had to be applied to the raw pattern. The first correction was the removal of
the back ground intensity which was present as a result of effects such as non-diffractive
reflection of the incident beam by amorphous material, fluorescence of the material
caused by the incident beam, and electronic noise that originate from the instrumentation.

The second correction applied is the removal of the peaks generated by the Ka, of

the X-radiation. The presence of the Ka; lines results in splitting of the diffraction peaks,
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Figure 2.3 — Raw intensity XRPD pattern of sample EEM-6: PH2 487-490

and are observed as a peak shoulders at low angles, and as separate peaks at high angles.
The peak splitting can, in turn, lead to the incorrect number of peaks being included in
the peak list, and to a shift in the peak positions due to the overlap between the Ko and
the Ka,. This correction, then, is necessary to obtain an accurate number of peaks, and
more accurate peak positions.

After these two corrections were applied to the raw pattern, a new pattern was
generated. The new pattern, called the net-intensity pattern, is shown in Figure 2.4. The
net-intensity pattern shows reduced splitting of the peaks, as well as a flatter baseline

from where a more accurate measurement of peak heights can be obtained. An expanded
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view of the minor peaks of the raw and net-intensity patterns are shown in Figures 2.5
and 2.6, respectively, to show the how the corrections affected the minor peaks. Both of
the pattern corrections discussed above were applied using the correction programs

included in the Scintag XDS-2000 data analysis software
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Figure 2.4 — XRPD pattern of sample EEM-6: PH2 487-490 after the background
corrections.
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Figure 2.5 — Expansion of raw-intensity XRPD pattern of EEM-6: PH2 487-490
showing low intensity peaks.
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Figure 2.6 — Expansion of XRPD pattern of sample EEM-6: PH2 487-490 after the
background corrections, showing low i intensity peaks.
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Table 2.1 - Peak list from raw data

eak # 2-theta angle raw intensity d-spacing relative intensity
3 890 133 9.928 9
2 1242 102 7.121 6
3 12.50 104 7.076 7
4 13.88 101 6.375 6
5 14.32 119 6.180 8
6 15.10 106 5.863 7
7 19.84 196 4.471 13
8 20.10 197 4414 13
9 20.86 46 4.255 30
10 22.00 369 4.037 25
Il 2296 248 3.870 16
12 23.64 366 3.761 24
13 2426 235 3.666 16
14 2520 202 3.531 13
15 25.62 236 3474 16
16 26.64 1465 3343 100
17 27.06 201 3293 13
18 27.54 275 3236 18
19 27.80 419 3207 28
20 27.96 412 3.189 28
21 2832 240 3.149 16
22 29.56 143 3.020 9
23 29.84 166 2992 It
24 3042 199 2936 13
25 30.76 132 2904 9
26 31.26 126 2.859 3
27 31.48 132 2.840 9
28 32.28 149 2.771 10
29 32.92 107 2719 7
30 33.78 10t 2.651 6
31 34.48 107 2599 7
32 34.94 119 2.566 8
33 35.30 110 2.541 7
34 35.54 111 2524 7
35 36.54 147 2457 10
36 36.74 108 2444 7
37 37.68 95 2385 ]
38 39.46 133 2282 9
39 40.28 100 2237 6
40 41.74 84 2162 5
41 4244 122 2128 8
42 44.28 74 2.044 5
43 45.80 98 1.980 6
44 48.34 69 1.881 4
45 50.14 166 1.818 1l
46 50.62 65 1.802 4
47 50.74 69 1.798 4
48 51.26 64 1.781 4
49 51.44 70 1.775 4
50 54.88 85 1.672 5
51 5532 n 1.659 4
52 56.76 76 1.621 4
53 56.90 62 1.617 4
54 59.96 124 1.542 8
55 60.08 89 1.539 6
56 62.02 95 1.495 6
57 64.06 70 1.452 4
58 67.72 94 1.383 ]
59 67.94 74 1379 5
60 68.14 107 1.375 7
61 68.32 105 1372 7
62 73.48 60 1288 4
63 75.64 57 1256 3
64 77.70 46 1.228 3
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Table 2.2 - Peak list from background corrected data

peak # 2-theta angle net intensity d-spacing refative intensity
1 890 12 9.928 1
2 1242 13 7.121 I
3 12.50 I5 7.076 1
4 13.88 14 6.375 1
5 1432 25 6.180 2
6 15.10 I3 5.863 1
7 19.84 38 4.471 3
8 20.10 30 4414 3
9 20.86 190 4255 19
10 22.00 137 4.037 13
11 2296 43 3.870 4
12 23.64 121 3.761 12
13 24.26 42 3.666 4
14 2520 19 3.531 1
15 25.62 39 3.474 3
16 26.64 985 3343 100
17 27.06 21 3293 2
18 2754 75 3236 7
19 27.80 199 3207 29
20 2796 172 3.189 17
21 2832 78 3.149 7
2 29.56 18 3.020 [
23 29.84 38 2992 3
24 3042 65 2936 6
25 30.76 21 2.904 2
26 31.26 15 2.859 1
27 3148 20 2.840 2
28 3228 38 2.771 3
29 3292 1t 2719 I
30 33.78 15 2.651 1
31 34.48 14 2.599 !
32 34.94 24 2.566 2
33 3530 18 2.541 I
34 3554 19 2.524 1
35 36.54 59 2.457 5
36 36.74 24 2444 2
37 37.68 19 2385 1
38 39.46 57 2282 5
39 40.28 33 2237 3
40 41.74 19 2.162 1
41 4244 50 2.128 s
42 4428 17 2.044 1
43 45.80 35 1.980 3
44 4834 16 1.881 I
45 50.14 10t 1.818 10
46 50.62 12 1.802 1
47 50.74 14 1.798 1
48 51.26 11 1.781 1
49 5144 17 1.775 1
50 54.88 31 1.672 3
51 55.32 15 1.659 1
52 56.76 17 1.621 1
53 56.90 2 1.617 1
54 59.96 64 1.542 6
58 60.08 i1 1.539 1
56 62.02 33 1.495 3
57 64.06 18 1.452 I
58 67.72 45 1.383 4
59 67.94 7 1.379 1
60 68.14 58 1.375 5
61 68.32 32 1372 3
62 73.48 19 1.288 1
63 75.64 I8 1.256 I
64 71.70 11 1.228 !
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2.1.3.3 Generation of peak lists

Two sets of peak positions and intensities were generated. The first list was

obtained through a visual examination, on the computer screen, of the raw data pattern.
The second list was generated by using the first list as a guide to identify the correct
position of the peaks on the net-intensity pattern.
This sequence of steps was necessary because the background subtraction algorithm used
by the analysis program sometimes creates artifact peaks, and can also wipe out weak
peaks. By identifying the peaks before the correction was applied, the listing of these
artifact peaks, and the deletion of weak peaks, was avoided.

The two peak lists are shown on Tables 2.1 and 2.2.

2.1.3.4 Search/match procedure.

The identification of the crystalline phases was performed using a search/match
procedure that compared the experimental powder pattern to the patterns included in the
JCPDS database. The search/match procedure was performed with yPDSM (Fein-
Marquat and Associates, 1989), a computerized search program, and the JCPDS database
containing 55984 phases.

A modified net intensity peak list (modifications consisted of generating a slightly
different data format to accommodate the requirements of the software) called a JCP file
was read into the search program. A search was then conducted using the entire list of
peaks for the X-ray diffraction pattern. The resulting matches are shown on Table 2.3.

The top mineral choices presented by the first full search (Table 2.3) were quartz,

albite, and anorthite. While all three minerals are possible components of our samples,
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the program forces us to choose only one of them at a time. The user instructions for the

program tell us that once the list has been narrowed to a few possible candidates, the first

choice should have a combination of the following qualities:

1.

2.

It usually has the highest similarity index score (SI).

It has few missing lines (X), ideally none. While weak lines may not be observed, if
strong lines are missing, the match must be rejected.

It has a higher SI/ML ratio; that is, higher SI per matched line (ML).

It is present at high “expected intensity” (At%), except if the phase is present at low
concentrations, or it exhibits preferred orientation, in which cases the At% value will

be low.

Among the three choices, it can be observed that quartz may be the best choice

because of the following reasons:

a.

its SI/ML ratio is superior to that of the other two candidates ( 16.4 vs. 9.3 for albite,
and 7.4 for anorthite)

it has the least number of missing lines ( 1 vs. >10 for albite)

it is present in the full pattern at 85% of the expected intensity (At%) vs. 29% for
albite and 24% for anorthite. This means that there is little preferred orientation in
quartz, as it is expected from its three dimensional system of bending. The low At%%
for albite or anorthite indicates either that the peak intensities do not match well, or

that they are present in the sample at lower concentrations.
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The match list for quartz (33-1161) is shown on Table 2.4. This table shows a line-
by-line (peak-by-peak) comparison between the d-spacing position and intensity of the
peaks in the reference pattern and those of the peaks from the sample pattern. The percent
error in the d-spacing position of each peak is also listed. This list is useful when
evaluating matched phases with similar scores.

The match for quartz (33-1161) was then subtracted. Table 2.5 shows that this
procedure removed 19 peaks corresponding to quartz from the original pattern. These
lines accounted for 53.5% of the total intensity of the pattern.

The process was then started again by searching the database with the remaining
pattern. A new match was chosen from the new match list using the same criteria
described above, and the peaks corresponding to the chosen match were subtracted from
the pattern. This process was continued until one of the following events occurred:

a) there were no peaks left in the remaining peak list, or

b) the matches presented by the program did not include any reasonable matches.

The results obtained by this process were then tabulated. The results for the current
example are listed on Table 2.6. The results show that a significant portion of the total
peak intensity was due to Quartz and that the other identifiable components contributed

less to the total intensity. The phases identified were quartz, albite, and orthoclase.
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Table 2.6 - Results of the search/match procedure for sample PH2: 487-490

JCPDS # SI ML/X At% % of Total Identity
Intensity due to
Phase
33-1161 312 19/1 85 47 Silicon Oxide/Quartz, syn
20-0548 291 29/6 25 15 Sodium calcium
aluminum silicate / Albite,
calcian
31-0966 72 14/0 6.1 6 Potassium Aluminum
Silicate / Orthoclase

2.2 Electron probe microanalysis
2.2.1 Principles

Electron probe microanalysis is a technique used for chemically analyzing small
selected areas of solid samples in which X-rays are excited by a focused electron beam.
The analysis is usually conducted in a scanning electron microscope in which the SEM
detector has been replaced by an electron spectrometer. Though SEM detectors are
sometimes found in the equipment, they are used mainly to locate the desired spot for the
analysis.

An electron beam is produced by the electron gun in the SEM and is focused onto
the specimen. The electrons in the beam then cause the emission of X-rays by the
processes explained before. The X-ray spectrum produced contains lines that are
characteristic of the elements present in the specimen. Qualitative identification of the
elements present is then achieved by identifying the wavelength of the characteristic lines
(wavelength dispersive spectrometry), or by measuring the energy of the emitted X-rays

(energy dispersive spectrometry). Quantitative analysis is achieved by comparing the
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intensities of the characteristic lines to the intensities of a carefully selected standard.
Quantitative analysis is usually performed with a wavelength dispersive spectrometer

because of its higher sensitivity [21, 22].

2.2.1.1 Wavelength dispersive spectrometers (WDS)

In wavelength dispersive spectrometry, a Bragg spectrometer is constructed by
mounting a crystal, with the diffracting planes parallel to the surface, on a rotating shaft.
A gas proportional X-ray detector is mounted on an arm geared to the shaft in the ratio
2:1 to maintain equal angles of incidence and reflection. The X-rays from the sample that
are incident on the crystal are then diffracted at angles that satisfy the Bragg law.

The spectrometer is tuned to measure the intensity of the first order reflection of
the K line of the element of interest because the first order line is usually the most intense
line. The spectrometer works in serial mode in which it is tuned to only one wavelengt‘h
at a time. This requires making a decision about which elements to analyze. Several
spectrometers (up to 5) can be mounted around the column to make analysis faster.

Quantitative analysis entails measuring the intensity of a characteristic peak of
each element present in the unknown sample and comparing this peak with measurements

of a standard under identical conditions.

2.2.2 Instrumentation
The microprobe analysis of the glassy fragments was conducted in a JEOL JXA
8900L WD/ED Combined Microanalyzer equipped with five detectors. The instrument

was operated at a voltage of 15 kV, and a beam current of 10 nA. The measurements
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were collected using a sampling rate of 20 seconds. Natural glass standards were used
and ZAF corrections were applied. A highly defocused beam (12 um in diameter) was

used in order to prevent any devolatilization of the glass.

2.2.3 Sample Preparation

The glassy fragments were mounted in the sample holders by suspending them in
an epoxy resin. The appropriate face of the sample holder containing the suspended
sample was then polished to achieve a flat surface that contained as many glassy

fragments as possible.

2.3 Scanning electron microscopy
2.3.1 Principles

In scanning electron microscopy, an image at high magnifications is produced by
collecting the secondary and/or backscattered electrons that are produced in a specimen
when an electron beam is scanned across the surface of specimen.

The typical scanning electron microscope usually consists of an emanating
filament, several magnetic fields called condenser lenses, a specimen holder, a detector,
and an output device.

In the electron gun, electrons are produced as a result of thermionic emission of a
heated tungsten filament that is kept at high negative potential relative to the anode. The
potential accelerates the electrons towards the anode, which has a small circular hole in
its center. Through this circular hole in the anode, a beam of electrons carrying energies

of between 2-40 keV is generated. The accelerated beam of electrons then travels towards
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the specimen passing through a series of magnetic fields called condenser lenses. Some
of these condenser lenses are used to demagnify the beam until it has a diameter of 2-10
nm when it hits the specimen, while the other condenser lenses are used to scan the beam
back and forth across the specimen.

The detection mode in scanning electron microscopy is by scintillation. As the
beam is scanned back and forth, a detector counts the number of backscattered electrons
and other secondary electrons produced. The detector collects secondary electrons by
keeping a grid at a potential of several 100 volts. This way even electrons not moving
towards the scintillator are attracted. Backscattered electrons are detected exclusively
when the collector is turned off.

At the same time that the beam is scanned across the specimen, a spot on a
cathode ray tube (CRT) is scanned across the output screen, producing an image.
Magnification of the image is achieved by scanning smaller areas while keeping the CRT
scan constant.

Samples for SEM need to be electrically conducting. Otherwise, electrons
accumulate at the surface of the specimen and the surface becomes negatively charged.
The negative charge then repels the incident beam. To achieve electrical conductivity, a

thin coat of gold or carbon is deposited on the specimen using sputter coating. [13]

2.3.2 Instrumentation
The SEM photographs were obtained using a JEOL JSM-820 Scanning Electron
Microscope equipped with a Polaroid photographic camera. The microscope was

operated at an accelerating voltage of 5 kV.
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2.3.3 Sample Preparation

The samples for scanning electron microscopy included in this work were
mounted by gluing the particles onto aluminum stubs with a conductive adhesive. The
mounted samples were then sputter-coated with a gold alloy. The sputter coater

(Edwards, Auto 306) was set at 1.2 kV, 20 mA for 5 minutes.
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CHAPTER 33

CORRELATION METHODS

3.1 Mineralogy

The chemical composition of the magma found under the earth’s surface is
different from one geographical area to another. As the magma travels upwards towards
the surface of the earth, and becomes trapped in magmatic chambers under volcanoes,
cooling processes cause the crystallization of high temperature minerais. The type and
relative amounts of high temperature minerals that crystallize out of the melt is largely
dependent on the relative concentrations of each of the elements that make up the magma
and, therefore, is different from one geographical area to another [11].

At the time of a volcanic explosion, the minerals that are present in the magmatic
chamber are expelled by the eruption and become part of the vclcanic deposits,
presenting a mineralogical spectrum that can be used to identify the source of the
deposits. Keller [15] compiled a list of the mineralogical composition of Mediterrarean
tephra layers which showed that the Hellenic volcanoes are rich in augite, hypersthene,
while the Campanian volcanoes are rich in aegirine-augite, biotite, and sanidine.

In 1995, St. Seymour and Christanis [24] used this list to correlate a tephra layer
from Kalodiki, in Western Greece, to the Grey Campanian Tuff. This correlation is
shown on Table 3.1 as an example of how these correlations are done. The data in the
table shows that the spectrum cf minerals present in the Kalodiki tephra is similar to that

of the volcanoes from the Campanian area of Italy.
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3.2 Major element chemical analysis

Major element analysis of the glassy components of tephra (glass shards, pumice
shards) has been found to be the most useful tool used in the identification and
correlation of unknown tephra layers [10].

The correlation is usually accomplished by a direct comparison of the percent majcr
element composition of an unknown sample to that of previously identified samples. In
this work, two other methods were used to confirm the results obtained by the traditional
method:

1- a graphical correlation method that compares the alkali content of unknown samples
to that of tephra layers which are commonly found in the eastern Mediterranean.
2- a statistical correlation method which compares the composition of an unknown

sample to that of a known sample using the % concentration of 5 major elements.

3.2.1 The graphical correlation method.

The graphical method is based on the work of Federman and Carey [10] who
observed that when the percent K;O vs. FeO vs. (CaO + MgO) were plotted using ternary
graphs, distinct groupings arose that could be used in the identification of the layers.

Figure 3.1 is a representation of the ternary graph presented by Federman and
Carey. On this graph, the authors have plotted the percent K,O vs. FeO vs. (CaO + MgQ)
composition of glass and pumice shards from tephra layers form the Eastern

Mediterranean.
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FeO*

Ca0+ Mg0O K50

Figure 3.1 — The composition of eastern Mediterranen tephra layers projected in terms of
wt% FeO vs K>0 vs CaO + MgO for all layers, showing that the marine tephra layers and
their terrestrial equivalents occupy discrete fields. (M) Minoan, (S) Akrotiri (18,000 yr
B.P.), (Y) Yali-C, (C) Campanian, and (K) Kos Plateau. (Adapted from Federman and
- Carey [10])

Each of the layers had been correlated previously to a respective terrestrial source
by major element, electron probe microanalysis of glass and pumice shards (Table 3.2).
The correlation showed that there were five widespread layers that were identified as:

1. the Minoan layer, which originated from an eruption on the island of Santeriri

that occurred approximately 3300 years ago.

2. the Akrotiri ignimbrite layer, which also originated from the island of

Santorini and is approximately 18000 years old;
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3. the Yali layer, which originated from an eruption of Yali volcanc that
occurreed 31000 years ago.

4. The C=mpanian layer, which originated from the volcanoes in the Campanian
provinece of Italy and is thought to be about 37000 years old;

5. and the Kos Plateau layer, which originated from eruptions of the Kos volcano

about M20000 years ago.

The ternar_y graph shown in Figure 3.1 shows how the plot of K>O vs. FeO vs.
(CaO + MgO) sepparated each of the widespread layers and their terrestrial equivalents
into discrete fieldls, making the graph useful in the identification of tephra layers by

graphical analysis—

3.2.2 The statisticcal method

The statistical method is based on the work of Borchardt et al [4] who correlated
volcanic ash depossits in the Pacific Northwest to sources in the Cascade Mountains. This
method was also ssuccessfully used by Federman and Carey [10] to correlate marine ash
deposits in the easstern Mediterranean to land deposits in the same region, as described
before.

The statistiical method uses variation analysis, and it basically expresses the
compositional diffserences between two samples in terms of relative concentrations. To
perform this compparison, the method uses only 1 number to represent the relative

concentration of 5 eelements present in a sample and a reference.
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The method is illustrated by the following general example. In the example, a five
element vector containing the concentrations of five elements [Al, A2, A3, A4, A5] is
compared to a reference vector [B1, B2, B3, B4, B5] containing the concentrations fer
the same elements. In general,

the sample vector A =[Al, A2, A3, A4, A5]

is compared to the reference vector B for a known sample =[ B1, B2, B3, B4, B5]

by dividing A by B and obtaining a ratio vector

C=A/B =[Cl1, C2, C3, C4, C5].

With this method, each element of the new vector is nearly 1.00 if the vectors A
and B are similar. The variation about the average of all elements of the new vector C is a
measure of the dissimilarity of the two analyses. The variance is given by the coefficient
of variation (CV) calculated from the standard deviation (s) about the average (x):

% CV = (s) (100/x)

where x = (C1 + C2+ C3+C4-+C5)/5 and s is the standard deviation.

For a sample that correlates well with a known reference, then the average ratio of
all elements in the sample will approach 1.0 and the coefficient of variation will be low.
The method can be used to compare unknown samples to a list of possible sources, where
the source with the lowest CV is the most likely match for the sample.

Table 3.3 illustrates how the method was used to correlate one of our unknown

sample to the chemical composition of five identified layers in the Mediterranean. In this
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example, the vectors that are being compared are the major element compositions of a
Philippi sample and the major element composition of the layers identified by, and as
reported by, Federman and Carey [10] (Table 3.2). The comparison was performed using
the same elements used by Federman and Carey (Si, Al, Ca, Fe, and K) to form the
vectors.

When correlated using this method, the tephra in our sample showed lower %CV
when compared to the tephra from the Campanian area of Italy than when compared to
the other tephras. This observation led to the conclusion that our unknown sample
originated from the Campanian area.

The correlation tables reported in the tephrochronology sections were calculated
in a similar manner. However, only the final % CV’s are shown in the tables, not the

intermediate calculations.
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CHAPTER 4
RESULTS AND DISCUSSION

EVALUATION OF SEARCH/MATCH SOFTWARE

4.1 Introduction

uPDSM is a commercial search program that uses the JCPDS PDF?2 database as its
reference. This database contains the peak lists from patterns of more than 55900
crystalline materials (as of 1989). '[:he program operates by comparing the position and
intensity of the list of peaks in a pattern to those of patterns contained in the database.
Once a possible match has been identified, the match is qualified with a “Similarity
Index” (SI) score. The SI score is based on factors such as:

* the ratio of number of line matched versus the missing lines (ML/X),

* the error in the position of the lines as compared to the lines in the reference

pattern,
* and the relative intensity of matched lines in the sample as compared to that of the

lines in the reference phase (At%).

The general procedure followed when using the search/match software consists of
performing a search, choosing the best match from a list of possibilities, and subtracting
the chosen pattern from the original pattern. According to the instructions provided with
the software by the publisher, the best match is not necessarily the one with the highest
SI. The software manual states that the best choice has a combination of the following

qualities:
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= [t usually has the highest similarity index score (SI)

= It has few missing lines (X), ideally none. While weak lines may not be observed,
if strong lines are missing, the match must be rejected.

* It has the highest SI/ML ratio; that is, the highest SI per matched line (ML).

= It is present at high “expected intensity” (At%), except if the phase is present at
low concentrations, or it exhibits preferred orientation, in which cases the At%
value will be low.

However, the most important of these qualities is, according to the publisher of the

software, the SI score.

Table 4.1 shows an example of a list of possible matches for a sample pattern.

The meaning of the column headings is:

JCPDS# The JCPDS number from the PDF2 database for the phase

SI the similarity index

ML the number of lines from the sample pattern that match lines in that
phase

X the number of lines present in the reference pattern that are not in

the sample pattern
At% the percentage intensity as compared to a perfect match

Identity the identity and the chemical formula of the reference pattern.
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According to the program instructions, if the elemental composition is
appropriate, some of the matched phases with the higher SI scores can be c-onsidered to
be present in the sample that corresponds to the pattern being analyzed [27°]. However,
when none of the phases that are contained in a sample are included in the da:tabase, even
the suggested matches with the highest SI values are of poor quality and unacceptable. In
addition, in many instances where the sample is a complex matrix of crystalline phases
with similar chemical composition, it can be difficult to choose a compoumd from the
match list because the SI scores of the top matches are not significantly differ-ent. In these
cases it is necessary to examine the quality of the match for all the phhases under
consideration, and to understand how the SI scores are generated. This is necessary
because, as in many computer-aided searches, the results obtained throu-gh pPDSM
depend to a large extent on the quality of the input data, and on the restrictioras placed on
the search.

The object of this study was to evaluate the program to understand how the SI
score is generated, so that in cases where the scores are close to one anotther a more
educated selection can be made. To accomplish this objective a series ofS tests were
performed using a pattern taken straight from the JCPDS database. The pattemn used was
that of the mineral augite (# 24-0203I) because it was a mineral phase that wras expected
to be present in our samples. Since the peak list corresponded to a pattern from the
database, the match was a perfect one. This perfect match had a score SI=679, a
matched/missing peak ratio (ML/X) of 33/0, and a percent intensity (At%) osf 100. (See

Table 4.2)
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The parameters that were studied were those that were considered to influence the SI
score of a matched phase. These parameters were:

= the effect of missing peaks

= the effect of error in the d-spacing position of the peaks

= the effects of errors in the intensity of the peaks

4.2 Effect of peaks missing from the sample pattern

To evaluate the effect of a missing peak on the SI score of the match, several
peaks of different intensity were removed, one at a time, from the pattern. The
search/match routine was conducted with the resulting patterns to see what the new SI
score would be as compared to the original score. The results of the study are shown on
Table 4.3.

The results indicate that the SI score is achieved by assigning a value to each matched
peak. In this case, the maximum average value per peak is given by SUML = 679/33, or
approximately 20.6/peak. The results also indicate that when a peak is missing a
combination of corrections are made to the SI score:

= The contribution of that peak to the SI score is subtracted from the total score

* The At% value is adjusted down to match the intensity of the remaining peaks

* The original SI score seems to have been adjusted by multiplying it by the new

At% value.
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Table 4.3 - Effects of missing peaks on the SI score

% intensity of
missing peak d-sp (A) SI found ML/X At%
—————- —————- 679 33/0 100
75 3.234 474 32/1 75
65 2.949 506 32/1 79
65 2.516 506 32/1 79
22 2.300 628 32/1 96
35 2.134 597 32/1 91

Table 4.4 - Effect of d-spacing error in major peaks on the SI score.
( Major peak - 100% rel. int.)

% error d-sp (A) SI found ML/X At%
0.0 2.994 679 33/0 100
-0.5 2.990 679 33/0 100
-1.0 2.985 678 33/0 100
-2.0 2.976 669 33/0 100
2.5 2971 661 33/0 100
-3.0 2.967 394 32/1 67
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Table 4.5 - Effect of d-spacing error in minor peaks on the SI score.
( Minor peak - 12% rel. int.)

% error d-sp (A) SI found ML/X At%
0.0 1.835 679 33/0 100
-0.5 1.833 679 33/0 100
-1.0 1.832 679 33/0 100
-2.0 1.828 671 33/0 100
2.5 1.826 664 33/0 100
-3.0 1.824 645 32/1 100

4.3 Effect of d-spacing errors

The effect of d-spacing errors was evaluated by modifying the d-spacing value of
a major peak (100% relative intensity), and a minor peak (12% relative intensity) and
performing the search/match routine with the resulting pattern. The modifications
involved the decrease of the value by an appropriate % error using the formula used by
the software program to calculat_e d-spacing errors. :

Error = 0.001 * d°

Where d = % error. Using this formula, an error of 2% translates to an error value of
0.004 A units in the d-spacing position.

Since the formula uses a square of the % error, the direction of the error
(increasing or decreasing) has the same effect on the results. For this part of the study, the

error window limit was kept at 3.0 %.
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The results of the study are shown on Table 4.4 for the case of error in a major
peak, and on Table 4.5 for the case of error in a minor peak. The results show that as the
% error was increased, the SI score was reduced by a comparable amount, regardless of
whether the error was in a major peak or in a minor peak. The magnitude of the
correction increased proportionally with the magnitude of the error until the % error was
equal to the value of the error window setting (3.0). When the error equaled the error
setting, the peak in consideration was considered to be a “missing peak” which led to the

kind of penalties described in the previous section.

Table 4.6 - Effect of intensity errors in a major peak on the SI score.

( Major peak - 75% rel. int.)

% error intensity SI found ML/X At%
0 75 679 33/0 100
-10 67 677 33/0 100
-20 60 675 33/0 98
20 90 678 33/0 102
Table 4.7 - Effect of intensity error in a minor peak on the SI score.
( Minor peak - 25% rel. int.)
% error intensity SI found ML/X At%
0 25 679 33/0 100
-10 22 678 33/0 100
-20 20 678 33/0 100
20 30 679 33/0 101
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4.4 Effect of errors in intensity

The effect of errors in the intensity of the peak on the SI score was evaiuated by
changing the intensity of a major peak (75% relative intensity) and of a minor peak (25%
relative intensity). The results of the study (Tables 4.6 and 4.7) show the SI score was not
affected significantly by errors in intensity. The SI score remained almost constant
(~679) even at intensity errors of 20%. The only major corrections seem to have been

related to changes in the At% value.

4.5 Conclusions
The SI score assigned by the uPDSM program tc a match is based largely on the

number of peaks in the reference pattern that match peaks from the sample pattern. The
higher the number of matched peaks, the higher the SI score. If there are peaks from the
reference pattern that are missing in the sample pattern, the SI score is lowered. This
action lowers the ratio of SI/ML, which seems to have a maximum of about 20 SI units
per ML. The At% value of the match is lowered according to the intensity of the
remaining peaks. This effect is more pronounced when major peaks are missing. Errors in
d-spacing, and intensity, of the peaks also affect the SI score, but the effect is not as much
as that observed with missing peaks.

When evaluating a list of possible matches with similar SI scores, a good decision can
be made by choosing the one with the following characteristics:
a) fewest missing peaks,

b) largest ratio of SUML (closer to about 20 is better),
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c) when the At% is low, the best choice is the one with fewer major peaks, unless there
is a considerable amount of preferred orientation,

d) the match has the lowest error in peak position.
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CHAPTER S
RESULTS AND DISCUSSION

METHOD SUITABILITY

5.1 Introduction

The successful identification of components present in a mixture is dependent on the
suitability of the method of analysis to detect them, as well as its ability to differentiate
the individual components from the matrix containing them.

In this study, the ability of the X-ray diffraction and search/match methods to detect
and identify important minerals present in a mixture was evaluated through a series of
tests. The evaluation was conducted in two parts:

a) The sensitivity of the method to the presence of minerals at low levels, and its

ability to identify important minerals in the presencé ofan arﬁomhous matrix.

b) The ability of the method to correctly identify minerals in the presence of other

minerals.

5.2 Sensitivity of the method

The sensitivity of the method was tested by spiking one of the samples with
known amounts of natural augite or biotite, and grinding them together to produce a
uniform mixture. These minerals were chosen because they are two of the main minerals
that were expecte to be in the tephra, and it was necessary to know the lower limits for
the detection and identification of these important minerals. The sample matrix that was
chosen was a Philippi sample that had previously been characterized during the course of

this work as containing few minerals and being mostly amorphous. The minerals that had
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been identified previously in this sample included quartz, albite, and orthoclase.

The XRPD patterns that were generated for this study are shown in Figures 5.1 to
5.6. Figure 5.1 shows that the three strongest peaks from augite are at 2-theta angles of
29.8 (#1), 30.2 (#2), and 35.5 degrees (#3). The matrix contained peaks of low intensity
at these angles, however they could not be completely resolved (Figure 5.2). Figures 5.3
shows that the peak at 29.8 degrees could be seen in the pattern corresponding to 4%
augite content, however the other 2 peaks could not be resolved until the concentration of
augite reached 10%.

Figure 5.4 shows that the two strongest peaks from biotite occurred at 2-theta
angles of 8.8 (#1) and 26.7 degrees (#2). These two peaks were also present in the matrix,
and could be seen to increase in intensity as the biotite content increased (Figure 5.6).
The peak at 26.7 degrees also cormresponds to the strongest peak of quartz, which was
identified as the main crystalline component of the matrix. At the lower biotite
concentrations, the peak at 26.7 degrees was completely subtracted with the peaks
corresponding to quartz, which prevented the detection of biotite.

The results of this study are listed in Table 5.1. The lists of minerals show that
that our experimental conditions and analytical methods were able to identify the
presence of augite and biotite at levels as low as 10% w/w. However, when biotite and
augite were present at levels of 6% w/w, the method failed to detect their presence in the
matrix. Unfortunately, there were peaks originating from the other minerals in the matrix
that overlapped with the strongest peaks of both augite and biotite. This overlap probably
resulted in a higher limit of detection than would have been the case if the overlap had

not occurred.
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Figure 5.2 - XRPD pattern of Philippi sample used as matrix (PH-4 330-335)

61

80



Intensity (CPS)

é

Intensity (CPS)

Intensity (CPS)

"I I I A W |

Intensity (CPS)

1200
1000 -
800 -
600
400
200

*}1 #2 and #3

| I / 20% augite

1400
1200
1000 -
800 -
600 -

400 /  #2and#3 10% augite
200 W l
0 -

1600 -
1400
1200 -
1000
800
600
400
200

P

#1

l / 6% augite

1600
1400
1200
1000
800
600

' ST SO BN e

N b
(o e ]
O O
1|

] #1 4% augite
WMJ Y

i * t i 1 M 1 ' 4 v T ¥ ]

10 20 30 40 50 60 70 80

o
1

2-Theta angle (degrees)

Figure 5.3 - XRPD of matrix plus augite at various percent concentrations

62



Intensity (CPS)

Intensity (CPS)

6000

5000 - #1(8.8)
#2 (26.7)
3000 -
2000 -
1000 -
0 _JL JWL-___L_M_A_____&_
10 20 30 40 50 60 70 80
2-Theta angle (degrees)
Figure 5.4 - XRPD pattern of biotite

1800
1600 -
1400 A
1200 A
1000 4
800 -
600 4
400 -
200

0 -

10 20 30 40 §0 60 70 80

2-Theta angle (degrees)

Figure 5.5 - XRPD pattern of Philippi sample used as matrix (PH-4 330-335)

63



Intensity (CPS) Intensity (CPS) Intensity (CPS)

Intensity (CPS)

2000

1500 +
1000 +
500 -

0 4

#1
/

20% biotite

2000 -
1500 -
1000 -

500 -

0 4

\E_JL"

10% biotite

WAML

1600
1400 3
1200 A
1000 -
800 -

600 -

400 -

200

0 -

Lo

6% biotite

M_—

1600 -
1400
1200
1000 ]
800 -
600
400
200 -

0 -

#1

e

/

4% biotite

10

T T T

20

I T 1 T [} ' T v L4

30 40 50 60 70 80
2-Theta angle (degrees)

Figure 5.6 - XRPD of matrix plus biotite at various percent concentrations



5.3 Ability of the method to identify minerals in the presence of other minerals.

To test the ability of the search method to identify minerals present in a pattern
containing several minerals at detectable levels, a peak list of a sample was modeled. The
modeled list was generated by combining the peak lists of several minerals (quartz,
albite, augite, and biotite) that were considered likely to be present in the real samples
from the tephra layers.

The peak list for each of the mineral phases was obtained from the JCPDS file
[19], and the relative intensities 6f the patterns were adjusted to reflect the relatively
weak or strong intensities that the minerals were expected to exhibit in the real samples.

Table 5.2 contains the list of the minerals, along with the corresponding JCPDS
numbers, and % intensity levels of the individual patterns. To obtain the % intensity of
given mineral for this exercise, each peak in the pattern of the mineral was multiplied by
the corresponding percent value. For example, if the desired intensity level was 25%, all
the peaks in the pattern were multiplied by 0.25. The new relative intensities were

rounded to the nearest integer.

Table 5.2 - List of minerals included in modeled pattern

Mineral name JCPDS # At% as entered
Quartz 33-1161 100
Albite 09-0466 80
Augite 24-0203 25
Biotite 42-1437 25
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The resulting pattern was tested, as described before in chapter 2, by subtracting
the best match, searching with the remaining pattern, and subtracting the best match until
no peaks remained or until no good matches were reported.

The results of this test are listed in Table 5.3. The results show that all the
individual minerals included in the modeled pattern were identified as being present in
the mixture. Furthermore, all the minerals were identified with the appropriate At%
relative intensity. These results indicate that the search method is able to differentiate

components present in a complex pattern even if they show strong or weak intensities.

Table §.3 - Minerals identified in modeled sample by search/match procedure

JCPDS # Similarity ML/X At% Identity
Index
9-0466 620 39/0 82 Albite
24-0203 487 33/0 26 Augite
33-1161 334 21/0 119 Quartz
10-0493 62 10/7 10 Biotite

There were some peaks left as the remaining pattern after the search operation
was finished (Table 5.4), however they were of minimum intensity and can be ignored.
The remaining peaks belong to the minerals subtracted, however the substitution did not
remove all the peak intensity. This effect can be attributed to the fact that At%

determined by the search/match procedure did not match the input intensity exactly.
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Very strong residual intensity is also observed when preferred orientation is present in the

sample [9].

Table 5.4 - Remaining pattern after uPDSM search/match

d-spacing Rel. Intensity d-spacing Rel. Intensity

10.05 15 1.829 3
4.570 1 1.824 14
1.851 2 1.804 4
1.844 2 1.785 6

5.4 Conclusion

The search method used to analyze the XRPD data generated in this work is
suitable to the task. The method was able to differentiate minerals present in a complex
pattern. The method was also able to detect important minerals in the presence of an
amorphous matrix. The results also showed that the existence of low intensity peaks in a
remaining pattern does not mean that there are still phases to be identified. The peaks

may be just residual intensity that was not subtracted by the search/match software
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CHAPTER 6
RESULTS AND DISCUSSION

TEPHROCHRONOLOGY OF THE PHILIPPI PEAT BASIN

6.1 Description of the basin

The Philippi peat basin is a 55-km? basin in eastern Greece that formed as a result
of tectonic movements in the Miocene period. In this basin the peat was accumulating for
700 thousand years until recently (1944) when it was drained for agricultural use [25]. As
a result, the basin is considered to contain the thickest known peatland in the world, with
reserves of about 4300 million m> of natural peat [25, 17], and also considered to be the
largest fossil fuel deposit in the Balkans.

Intercalated with the peat in the basin, there are a sequence of sedimentary layers
such as mud, clay, and volcanic ashes (tephra) as evidenced in the four drill cores from
the basin that were part of this study.

The cores that were part of this study were identified as Ph-1, Ph-2, Ph-3, and Ph-
4. Figure 6.1 shows the position of the different layers present in three of the four cores.
Two of the cores (Ph-1 and Ph-2) show the presence of three layers of tephra, while the
third core (Ph-3) shows the presence of only two tephra layers. The fourth core, not
shown in the figure, contained only one thick layer of tephra.

The tephra layers were found at different depths within the core, depending on the
length and geographical source of the core. The uppermost tephra layer was found at
depths of between 3.58 m and 4.90 m from the surface; the median layer was found

between 3.05 m and 5.30 m, and the lowermost layer was found between 3.35 m and 8.55
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m. (See Table 6.1). The difference in the depths of the layers could have been caused by
geological processes, such as erosion and slumping, which may have altered the make up

of the basin.

Table 6.1 - Tephra layers found in the cores from the Philippi Basin

Core Tephra Layer (from top) Depth from top (cm)
1 358-362
Philippi 1 2 447-450
3 630-680
1 487-490
Philippi 2 2 528-530
3 830-855
Philippi 3 1 305-309
2 565-595
Philippi 4 1 330-430

6.2 Mineralogy of Tephra Layers - XRPD results

The mineralogy of the Philippi tephras is summarized on Table 6.2. The XRPD
patterns for each individual sample are include in Appendix I.

The minerals quartz and plagioclase-sodic were found in all of the Philippi
samples. Minerals such as orthoclase, muscovite, plagioclase-calcic, biotite, and sanidine

also appeared in many of the samples studied, but not as often as quartz and plagioclase.
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Other minerals such as augite, aegirine-augite, olivine, and hypersthene, which
were expected to be present, and which have been used by other investigators as
diagnostic minerals to differentiate between Hellenic and Italian volcanoes, were not
detected.

However, a previous work by Christanis [5] that examined tephra layers from a
nearby area found that the minerals were present only in very low concentrations. The
absence of some of these diagnostic minerals from our results may be explained by the
results of the sensitivity study described before in Chapter 5. In that study, it was found
that if the concentration of augite, and/or biotite, present in the samples was less than ~
10%, the X-ray diffraction and search methods used in this work would not be able to

detect them and identify them.

6.3 Shard Chemistry - Electron Probe Microanalysis Results

The results from the chemical analysis of the Philippi tephras by electron probe
microanalysis are summarized in Table 6.3. The values shown are the averages of several
analyses. The individual analysis results for each individual tephra are included in the
appendix II.

Also included in Table 6.3 are the positional designation given to each tephra
within a core: upper tuff (UT) for the uppermost layer, lower tuff (LT) for the lowermost
layer, and median tuff (MT) for the layer in between. The term tuff is used to designate a
compacted layer of volcanic ash material. The positional designation was assigned on the
relative position of the layers and on the similarity of the chemistry as explained below.

The tephra layer found in core Ph-4 was not analyzed for chemical composition
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because an acceptable sample could not be obtained, but it is expected to be similar to the
lowermost layers found in the other three cores. This assumption was made based on the
relative position of the layer with respect to the other material found in the core.

The results listed in Table 6.3 reveal the existence of two compositional groups
among the tephra layers: one group with SiO; levels of about 60%, and another one with
Si0; levels of about 70%.

The lower tuff (LT) is consistently lower in SiO, and richer in K;O in all the
cores, while the upper and middle tuffs (UT and MT) are richer in SiO; and poorer in
K,O. The similarity in the chemical composition of the upper and middle tuffs across the
cores indicates that they may have a common origin, which may be different from the

origin of the lower tuff.

6.4 Approximate ages of the Philippi tephras

The difference in depths of the layers in the cores is indications that the tephras
may have been deposited during different chronological periods. The approximate ages
established for the upper, middle, and lower tephra layers are listed on Table 6.4. These
dates were obtained by '*C dating of the peat layers in contact with tephra layers.

The approximate age of the upper tuff was established to be between close to 10
thousand years by '*C dating of the peat layer immediately below the tephra. The
approximate age of the median tuff was found to be between 17 and 18 thousand years by
dating of the peat layer immediately below the tephra layer. The approximate age of the
lower tuff was established by '*C dating of the peat layers immediately above and below

the tephra layer. The measurements yielded minimum approximate ages of 28 to 31
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thousand years.

Table 6.4 -Approximate ages of the identified tephra layers from the Philippi peat basin

Layer Sample #| Sampling | Sampling | Approximate Type of |Dating method

depth (cm)| position |Age B.P. (yrs) * sample used
. analyzed

Upper tuff |Philippi 2| 495-500 { Below UT | 10152+57 Peat “c

Middle Philippi 1| 455-460 | Below MT | 17347 +234 Peat e

Tuff

Middle Philippi 2| 530-535 | Below MT | 18527 + 145 Peat Hc

Tuff

Middle Philippi 3| 310-315 | Below MT | 18244 + 143 Peat Hc

Tuff

Lower Tuff|Philippi 2| 825-830 | Above LT | 28134 + 716 Peat “C

Lower Tuff|Philippi 2| 860-865 | Below LT | 31577 +570 Peat Hc

* B.P. = Before present

6.5 Shard morphology

The morphology of the glass and pumice shards that make up the Philippi tephras

is illustrated on figures 6.2, 6.3, and 6.4. These figures represent the tephras from the

upper tuff (UT), the median tuff (MT), and the lower tuff (LT), respectively.

In general, the glass shards that were present in UT, MT, and LT, were Y-shaped,

or cuspate, indicating that they were the remnants of bubble junctions. The particles were

clear in color. The pumice shards were also clear, and exhibited the small, elongated

cavities enclosed by glass walls.

The morphology of the glassy components of the tephras indicates that the

deposits originated from high viscosity lavas that resulted in large-scale ash eruptions

(Plinian eruptions). The fact that both types, bubble walls and pumice shards, are present
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Figure 6.2 — SEM micrographs of glassy fragments from the upper
tuff (UT) of Philippi
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Figure 6.3 - SEM micrographs of glassy fragments from the middle
tuff (MT) of Philippi
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Figure 6.4 — SEM micrographs of glassy fragments from the lower
tuff (LT) of Philippi
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in the deposits indicates that the temperature of the melt may have been near 850 °C, and

that the viscosity of the melt varied during the eruptive episodes.

6.6 Identification of Tephra Layers

The identification of tephra layers is usually done using the mineralogy, chemical
composition, and age of the unknown tephras to correlate to similar data found in the
literature. In the case of the Philippi tephras, however, some of the expected diagnostic
minerals like hypersthene, augite, and aegirine-augite, were not detected in any of the
samples, and could not be used in the correlation to differentiate between Hellenic and
Italian volcanoes. Therefore, most of the identification of the Philippi tephras was done
using only the chemical composition and the approximate ages of the tephra layers.

The only diagnostic minerals that were detected were biotite and sanidine, which
were found in the lowermost layers of each core. Both of these minerals are typical of
minerals from the Campanian area of Italy (see Table 3.1 in Chapter 3), and indicate that
the lowermost layer in each of the cores probably originated from that area.

Several investigators have studied marine deposits from the Mediterranean and
Thyrrenean seas and have correlated them with distinct pyroclastic deposits on land [14,
23, 19, and 18]. While doing the correlation, they have found that chemical composition
is the most useful quantitative method for correlating ashes having distinct source areas
[14].

In a study of tephra layers form the Mediterranean, Keller [14] has grouped the
identified and correlated tephras according to the ratios of alkali oxides to alkali oxides

plus calcium oxide, versus the %SiO. content. Plotting a similar graph using the
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composition of the tephras from the upper, middle, and lower tuffs of the Philippi
samples (Figure 6.5) was helpful in locating a general area of origin for the tephras. The
graph showed that the upper and median tuffs had similar characteristics to the rhyolitic,
calc-alkalic ash layers from the Hellenic arc, while the lower tuff had similarity to the
alkalic, trachytic ash layers from the Italian provinces.

Tables 6.5 and 6.6 show the direct comparison between the major element
chemistry of the upper, median, and lower tuffs, and that of ash layer that show very
close correlation: the Akrotiri layer for the upper and median tuffs, and the Campanian
layer for the lower tuff, respectively.

The ternary graphs that were constructed for the tephra layers of the upper,
median, and lower tuffs shown on Figures 6.6, 6.7, and 6.8, respectively. A comparison
of these figures with the Figure 3.1 of Chapter 3 confirmed the correlation obtained
through the direct comparison of the major element chemistry: the tephras of the upper
and median tuffs of Philippi plotted in the same area as those from the Akrotiri layer,
while the tephras from the lower tuff plotted in the same area as those from the
Campanian layer.

Further confirmation was obtained when the chemical composition of the tephras
was tested by the statistical method. The similarity matrix constructed is shown on Table
6.7. The lowest %CV values of the comparison between the upper and middle tuffs were
shown by the layers of the Akrotiri layer, while lowest %CV values for the lower tuff
were shown by layer corresponding to the Campanian ignimbrite.

The Minoan and Akrotiri layers both originate from the island of Santorini, an

island in the eastern Mediterranean. Located on this island is Thera, the most active and
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Figure 6.5 — Distinctive groupings of various ash layers according to rations of alkali to
calcium. (Adapted from Keller, [14]).

violently explosive volcano in the Hellenic arc. There have been several eruptive
episodes of this volcano. One of them, which occurred about 3650 years ago, is thought
to have deposited what is known as the Minoan tuff, and to have helped to end the

Minoan civilization. A second episode is thought to have occurred approximately
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Figure 6.6 - Ternary plot of the
tephra layers from the upper tuff of Philippi
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3 Figure 6.7 - Ternary plot of the
tephras from the middle tuff of Philippi
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Figure 6.8 - Ternary plot of the
tephra layers from the lower tuff of Philippi

FeO

n'ﬂﬂﬂ'mmsoeomaosomoxzo
(O K20 vs FeO vs Ca0 + MgO

CaO +MgO

10 thousand yr. BP and to have deposited the Santorini turbidite [14]. A third episode of
activity is occurred at the Akrotiri vent and is thought to have deposited the Akrotiri
ignimbrite approximately 18000 yr. ago.

The approximate age of the upper tuff (~10 thousand years) shows good
correlation to the period of occurrence of the Santorini turbidite of about 10,000 yrs ago,
while the age of the middie tuff (17-18 thousand years) shows good correlation to the
explosion at the Akrotiri vent of about 18000 years ago.

The Grey Campanian tuff is a voluminous tephra in the Campanian and
Neapolitan region that is thought to have originated from the Campanian volcanic

province in Italy. The Campanian tuff has been dated as having been deposited during a
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volcanic event that occurred 28-38 thousand years ago [1], and which covered at least
7000 km?. This approximate age is close to the approximate age of the layers that are part

of the lower tuff (28-30 thousand years).

6.7 Summary

The tephras from the Philippi peat basin were composed of glass shards, pumice
shards, and mineral fragments. The tephras were found to be part of three different layers
of compacted ash, or tuffs, within the cores. The upper tuff (UT) was 3-4 cm thick, with
an apéroximate age of 10 ka. The median tuff (MT) was 2-4 cm thick, with an
approximate age of about 18 ka. The lower tuff (LT) was 25-100 cm thick, with an
approximate age of 28-30 ka.

The glass shards found in these tephras were cuspate. The pumice shards
contained small, elongated vesicles. The morphology of the glass and pumice shards
indicates that the eruptions that gave rise to these volcanic deposits were plinian, and that
the magmas involved in the eruptions were high-viscosity magmas

The mineral fragments that were detected by the XRD and search/match methods
included quartz, biotite, sodic plagioclase, calcic plagioclase, sanidine, anorthoclase,
orthoclase, muscovite, microcline, chlinoclore, and kaolinite. Other minerals that were
expected to be in the samples were not detected, possibly because they were present at
concentrations below the detection limit of the method.

The study of the mineralogy of the Philippi tephras did not provide a spectrum of
minerals that could be used in the identification of the all of the tephras. Only the tephras

from the lower tuff contained some diagnostic minerals. Based on some of the
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mineralogy resuits, the chemical compositison, and approximate ages of the tephra layers,

the following correlation is proposed:

a)

b)

The upper tuff is correlated to the Ssantorini turbidite ash layer, which is believed
to originate from the eruption of the Akrotiri vent of Thera on the island of
Santorini approximately 10,000 yeams before present.

The middle tuff is correlated to tthe Akrotiri ignimbrite, which is believed to
originate from the eruption of the Alkrotiri vent of Thera on the island of Santorini
approximately 18,000 years before poresent.

The lower tuff is correlated to the Csampanian ash layer, which is believed to have
originated from volcanoes in the sCampanian and Neapolitan regions of Italy

approximately 28-30 thousand years ago.



CHAPTER 7
RESULTS AND DISCUSSION

TEPHROCHRONOLOGY OF THE MYRTOON BASIN.

7.1 Description of the Basin

The Myrt66n Basin is a deep basin in the southwestern part of the Aegean Sea in
the eastern Mediterranean. Several cores were collected from this basin as part of a
project sponsored by the electric power company of Greece, which was mapping the
bottom of the sea in order to lay down cable to provide electricity to the islands in the
area. Contained in these cores were sections of volcanic ashes mixed with sand and
plankton material.

The tephras that were found in five of the cores were studied for this work. The
cores were identified as core 18, core 20, core 37, core 39, and core 40. Table 7.1
describes the cores and their respective tephra deoposits. The table lists the location in the
basin from which the cores were taken, along with their length. Also included in this
table is the thickness of the individual sections.

The mineralogy and chemical composition of these ash deposits were determined
by X-ray diffraction and electron probe microanalysis, respectively. The age of the
deposits in one of the cores was determined by '*C radio-dating method by Geraga et al.

[12], the approximate age of the deposits in the rest of the cores was not established
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7.2 Mineralogy of the tephra deposits

The mineralogy of the Myrt66n tephras, as determined by our X-ray diffraction
method, is described in Table 7.2. The XRPD patterns are included in Appendix I.

The most prevalent mineral phases found were quartz, sodic plagioclase,
muscovite, and chlinochlore. These minerals were present in almost all samples
examined. Some of the samples also contained sanidine, orthoclase, and microcline.
Augite, calcic plagioclase, and sanidine were found in only one sample each.

As in the case of the Philippi tephras, some of the diagnostic minerals such as
augite, acgirine-augite, biotite, and hypersthene, that can be used to differentiate between
Hellenic and Italian volcanoes, were not identified in most of the samples by our methods
of analysis. It is possible that these diagnostic minerals are present in the tephras, but
only at low levels. Again, the inability of the method to identify minerals at low levels

may be the reason for the absence of these minerals from our results.

7.3 Shard Chemistry - Electron Microprobe Results
The chemical composition of the glassy fragments of the Myrt6n tephras is
presented in Table 7.3. The values in this table represent the average of several analyses.
The individual analyses are included in Appendix II.
The chemistry of the tephra deposits seems to be the same within each of the cores.
There seems to be two general groupings of chemistry types among the tephras: the first
group is the calc-alkalic, rhyolitic tephras that were found in cores 18, 39, and 40. These

tephras have a %SiO; content of 71-76% with a percent K;0
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content of about 2-3%. These tephras have been found to be characteristic of the tephras
from the Hellenic arc. The second group is made up by the tephras from cores 20 and 37.
which are classified as alkalic-trachytic tephras. These tephras have percent SiO- content
of about 60-62% and higher K>O content of about 7%. This type of tephras is

characteristic of volcanoes from the Italian volcanic provinces.

7.4 Approximate age of the Myrt66n tephras.

The approximate age of the Myrt66n tephras is listed in Table 7.4. Not all the
tephras from Myrt66n were dated using radio-dating methods. The only tephras that were
dated with a radio-dating method were those of core 40. The approximate ages for these
deposits was found to be about 3345 yr. for layer 40/2, 11959 yr. for layer 40/7 [12].

The approximate age of the tephra deposits from core 40 was obtained by Geraga
et al. [12] in a study in which they established the sedimentation rate for the Myrt66n
basin by studying the plankton material found in the cores. They found that the average
rate of sedimentation in the area has been 10.2 cm/1000 years. However, this value could
not be used together with the position of the deposits in the other cores to estimate their
approximate age because it was suspected that other processes occurring in the basin

could have affected the deposition of the ashes during the volcanic explosions.
7.5 Shard Morphology

The tephras from the Myrt66n basin were examined under the scanning electron

microscope, and under an optical microscope to study their morphology. The glass shards
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Table 7.4. - Approximate ages of samples from the Myrto6n basin

Core Sample # Approximate Age Dating Method
(yr.B.P.)
18 MYR 18/12 not determined none
MYR 18/13
MYR 20/1 none
20 MYR 20/2 not determined
MYR 20/3
37 MYR 37/5 not determined none
39 MYR 39/1 not determined none
MYR 39/2
40 MYR 40/2 3345 AMS “C
MYR 40/7 11959 AMS "C

B.P. = Before present
AMS "“C = Accelerator Mass Spectrometry of “C

that were observed were clear and Y-shaped, or cuspate, which indicates that they were
remnants of bubble junctions. The pumice shards were also clear, with small, elongated
tubular vesicles. Examples of the morphology of some of the materials are shown in
Figures 7.1 and 7.2.

The morphology of the glassy components of the tephras indicates that the
deposits originated from high viscosity lavas that resulted in large-scale ash eruptions
(Plinian eruptions). The fact that both types, bubble walls and pumice shards, are present
in the deposits indicates that the temperature of the melt may have been near 850 °C, and

that the viscosity of the melt varied during the eruptive episodes.
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Figure 7.1 — SEM micrographs of Myrt66n tephra MYR 20/1 showing bubble wall
junctions and pumice shards.

96



0883 5.8KV X100

- 5505 L

9084 5. 8KV X180 100rm WD36

Figure 7.2 — SEM micrographs of Myrt66n tephra MYR 20/2 showing bubble wall
Jjunctions and pumice shards.
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7.6 Identification of the tephra deposits.

The identification of tephra deposits is usually done using the mineralogy,
chemical composition, and age of the unknown tephras to correlate to similar data found
in the literature. In the case of the Myrt66n tephras, however, some of the expected
minerals like hypersthene, augite, biotite, and aegirine-augite, were not detected in most
of the samples, and could not be used in the correlation. Therefore the identification of
the Myrté6n tephras was done using only the chemnical composition, and, where

available, the approximate ages, of the tephra layers.

7.6.1 Core 18

As shown in Table 7.1, core 18 contained two tephras: tephras 18/12 and 18/13.
The chemistry of these tephras is comparable to that of calc-alkaline deposits from
volcanoes of the Hellenic arc.

The side-to-side comparison of the major element composition of these deposits
to that of the tephras from Akrotiri (Table 7.5) indicates that these two tephras may have
the same origin.

When the major element composition of layers 18/12 and 18/13 was plotted on
ternary graphs (Figures 7.3 and 7.4, respectively) as described before in Chapte 3, both
deposits appeared to have the same composition as the deposits that originate from
Akroﬁﬁ (see Figure 3.1 of Chapter 3).

The correlation by coefficient of variation (Table 7.6) showed that the greatest
similarity occurred when layers 18/12 and 18/13 were compared to the chemical

composition of tephras from the Akrotiri layer.
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Based on the results of the shard analysis and on the graphical and statistical
correlations, the tephras in layers 18/12 and 18/13 seem to have been deposited as a result
of the Akrotiri vent eruption of the Thera volcano that occurred approximately 18000 yT.

ago. This eruption was discussed in Chapter 6.

Table 7.5 - Comparison of major element composition of glass shards from Myrté6n and

from Akrotiri.
MYRTOON DEPOSIT
Akrotiri (1) MYR 18/12 MYR 18/13

SiO; 72.10 72.15 71.15
TiO, 0.46 0.50 0.47
Al>O5 13.90 14.07 14.69
FeO 2.83 3.10 3.38
MgO 0.41 0.41 0.44
CaO 1.56 1.63 1.77
Na,O 4.43 5.00 4.94
K;0 3.14 2.74 2.66
Total 98.83 99.60 99.49

(1) From Federman and Carey [10].
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Figure 7.3 — Graphical correlation graph for Myrto6n 18/12
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Figure 7.4 — Graphical correlation graph for Myrt56n 18/13
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7.6.2 Core 20

Core 20 consisted of 3 sections: 20/1, 20/2, and 20/3 at depths of 11-12 cm, 34-37
cm, and 60 cm from the bottom of the basin, respectively. These deposits were found
above sapropel 1 (a sedimentary layer which has been characterized as being
approximately 7,000 years old), which makes them younger than 7 thousamd years.
However, the actual age of the tephras was not established

The chemistry of the three deposits is very similar to that of the alkalic-trachytic
deposits of volcanoes from the Italian provinces. The side to side comparison of the
major element composition of the deposits in core 20 to that of the deposits from the
Italian deposits revealed their chemical similarity (Table 7.7).

The ternary plots of the chemical composition that were constructed for the three
deposits are shown on Figures 7.5, 7.6, and 7.7. A comparison of these figueres with
Figure 3.1 suggests that all three tephras originated in the Campanian province of Italy.

The correlation by coefficient of variation shows that the three tephras are very
similar to those from the Campanian province. This is shown by the fact that the lowest
%CV occurs when the layers in core 20 are compared to the Campanian deposits (Table
7.6)

Patterne et al [19] constructed a chronological description of the explosive
activity of the south Italian volcanoes over the past 80 thousand years from the
geochemical study of marine tephra of the central Mediterranean sea. The awthors found
that, in marine deposits, 2 types of Campanian trachytes are observed, and that these two

types show distinct alkaline content (Figure 7.8). One grouping was characterized by
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Figure 7.5 — Graphical correlation graph for Myrté6n 20/1
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Figure 7.6 — Graphical correlation graph for Myrt56n 20/2
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Figure 7.7 — Graphical correlation graph for Myrts6n 20/3

having lower K>O/Na,O ratios as compared to the same type of ratios for the second
grouping.

Based on their findings, it can be seen that the tephras from core 20 are closer in
composition to the deposits due to the activity on Ischia island than to those of the
Phlegrean Fields (Campi Flegrei). As explained in the introductory chapter, the Ischia
volcanic complex has seen many periods of activity. These periods of activity include
eruptions as early as 53 thousand years ago to as late close as 100 years ago. The tephras

from core 20 could have their origin in any of these eruptions.
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7.6.3 Core 37

Tephra 37/1

The only data available for tephra sample 37/1was the major element composition
by electron probe microanalysis. When the major element composition data was plotted
on a ternary graph (Figure 7.9) and compared to Figure 3.1, the data from tephra deposit
37/1 plotted in the same area as those from the Campanian area of Italy.

The possible Campanian origin was supported by the correlation by coefficient or
variation (Table 7.6), and by the side to side comparison of the major element
compositions of the sample to those of tephras from the Campanian area (Table 7.7).
which also pointed to the possible origin. Figure 7.8 suggests that the deposits can be

correlated to volcanic activity on Ischia Island.

Tephra 37/5

The major element composition of tephra 37/5 is very similar to that of core 37/1 above.
The side-to-side comparison (Table 7.7), the major element ternary graph comparison
(Figure 7.10), and the correlation by coefficients of variation (Table 7.6) all identify this
tephra as coming from the Campanian area of Italy. The alkali content of this tephra
classifies it as a trachyte that is believed to originate from the island of Ischia (Figure

7.8).
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Figure 7.9 — Graphical correlation graph for Myrtd6n 37/1
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Figure 7.10 — Graphical correlation graph for Myrté6n 37/5
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7.6.4 Core 39
Tephra 39/1

No data could be obtained for the cheemical composition of this tephra because
there were not enough glassy shards that could be used for analysis. The only data that
was obtained was the mineral content by XRPD. However , as it was explained before no

conclusions can be made about the possible origin of this layer based only on XRPD data.

Tephra 39/2

The major element chemical analysis of tephra 39/2 suggests that it had a Hellenic
origin, considering the calc-alkaline characteristics of this tephra.

Correlation of this data through a side-to-side comparison (Table 7.8), and by
coefficients of variation (Table 7.6) indicates the similarity of this deposit to the deposits
that originated from the Minoan explosion of 3500 years ago. The comparison of the
ternary graph plotted for layer 39/2 (Figure 7.11) with the graph of Figure 3.1. also shows
that these deposits have the same chemical composition as those from the Minoan

explosion.
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Figure 7.11 — Graphical correlation graph for Myrt56n 39/2

7.6.5 Core 40
Tephra 40/2

The approximate age of Myrt66n tephra 40/2 was found by AMS 'C to be 3,345
yrs. B.P. (Table 7.4). The calc-alkaline characteristics of the tephra suggest that it had a
Hellenic origin, quite possibly from the Minoan explosion of Thera due to the
approximate age of the tephra.

The side-to-side comparison of the major element composition of this tephra to
that of deposits from the Minoan explosion show that the tephras are similar (Table 7.8).
This conclusion is supported by the major element ternary plot that places these tephras
in the same area of the graph as the deposits of Minoan origin (Figures 7.12 and 3.1.).
Also, the correlation by coefficients of variation (;I“able 7.6) identifies this tephra as

having the same origin as the Minoan tephras.

110



'snsodop usoujy woi puk uQMAJN woly spieys ssefs jo uolisodwod Juswoya sofew Jo uosuedwoy) - g/ dqe

(0L1-zs1'd) 6961 "1dag gz-¢| ‘suoyry
.Ev—_,r Jj0 OUBI[OA 3Y) uo mmu.—M—_OU o_.:_=u_om —sco_EEOE— 18] a1 jo w0y ) wog) ﬂu_:tauz .: \.O_V 1o Wos| Av.mv

‘uopdnus usoutyy *sse)d OUIL{0A a1 () uondiua ueoury ‘sanung (g)
(%001 01 parg|najeaas orom suydag] [62) (e o SUIYIBA o),
$2100 as Ut eiyday 7 preg uo wiyday, |
§2100 vas-daop ayy pue wiayy, wosy eyda) uvouipy uj ssu|d Jo saskjeur oqordosarpy (z'1)
2566 09°66 8666 86'66  ¥0'001  00'001  00°001 [eiog,
v9'C 90°¢ or'e e 00°¢ 0t'e A o
IS YA % 9ty AAY 09y SI°S 8T'S O%N
9¢'1 6¢€'1 o'l 89'1 0e¢ 9¢'1 I¥'1 0oed
L0 8T0 620 6£°0 09°'0 9C0 A O
S9'1 01'¢ 80°C 89°C 0LC 08'1 18'1 02d
vl el 8LEl ov'el 0S'v1 86'tl AR toly
§T0 620 620 9¢0 050 8C0 Lo ‘o1L
96°€L SSHL LTyl | TOTL  YSIL  L8EL  95gL ‘018
SCI/0V YA TIOV YA T/6€ AN 14 £ [4 I
nsodaqq ugQuApN syisodagg eayda, urourpy

111



Tephra 40/7

The approximate age of the Myrt56n tephra deposit 40/7 was found by AMS C
to be 11,959 yrs. B.P. (Table 7.4). The chemical composition of this tephra suggests that
it had its origins in the volcanoes from the Italian peninsula.

A side-to-side comparison of this tephra shows that it is very similar to the
deposits from the Campanian layers (Table 7.7). The correlation by coefficient of
variation (Table 7.6), and by graphical analysis (Figures 7.13 and 3.1.) also support this
conclusion. The K,0 and Na;O content suggests that this tephra was due to activity on

Ischia Island (Table 7.8).

CaO+Mgo O 10 20 30 40 s 6 70 8 % 100 ko

QO K20 vs FeO vs Ca0 + Mg0

Figure 7.12 — Graphical correlation graph for Myrt6n 40/2
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Figure 7.13 — Graphical correlation graph for Myrt56n 40/7

Patterne et al [17] reported the existence of a layer from the Campanian area with
similar characteristics as those of tephra 40/7. They identified this layer as part of the
Neapolitan Yellow Tuff that is thought to have been deposited 12-12.3 thousand years

ago. It is possible that layer 40/7 has the same origin.

7.7 Summary

The tephras from the Myrt66n basin were composed of glass shards, pumice
shards, and mineral fragments. The tephra layers had different thickness, depending on
the location from where they were obtained. The approximate ages of the deposits were

only obtained for the tephras in one of the cores.
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The glass shards found in these tephras were cuspate. The pumice shards
contained small, elongated vesicles. The morphology of the glass and pumice shards
indicates that the eruptions that gave rise to these volcanic deposits were plinian, and that
the magmas involved in the eruptions were high-viscosity magmas.

The mineral fragments that were detected by the XRD and search/match methods
included quartz, augite, sodic plagioclase, calcic plagioclase, sanidine, orthoclase,
muscovite, microcline, and chlinoclore. Other minerals that were expected to be in the
samples were not detected, possibly because they were present at concentrations below
the detection limit of the method.

The tephra deposits from the Myrt66n basin that were characterized for this work
can be grouped as originating from three distinct sources:

a) the Minoan eruption of the Thera volcano from 3,500 years ago (layers 39/2,

and 40/2),
b) the eruption from the Akrotiri vent of Thera from 18,000 years ago (layers
18/12 and 18/13),

¢) and the eruptions of the volcanoes from Ischia Island in the Campanian area

of Italy (layers 20/1, 20/2, 20/3, 37/1, 37/5, and 40/7), occurring during

several periods of activity.
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CHAPTER 8

CONCLUSIONS

The tephras from the Philippi peat basin that were studied as part of this work
belonged to one of three tephra layers that have been designated as the upper tuff (UT),
the middle tuff (MT), and the lower tuff (LT). These layers had approximate ages of 10
thousand years, 18 thousand years, and 28-30 thousand years, respectively. The three
layers contained glassy particles whose morphology indicated that they originated from
high viscosity magmas, and that they were deposited during periods of plinian volcanic
eruptions. The layers were identified as follows:

a) The upper tuff was correlated to the Santorini turbidite ash layer, which is
believed to originate from the eruption of the Akrotiri vent of Thera on the island
of Santorini approximately 10,000 years before present.

b) The middle tuff was correlated to the Akrotiri ignimbrite, which is believed to
originate from the eruption of the Akrotiri vent of Thera on the island of Santorini
approximately 18000 years before present.

c) The lower tuff was correlated to the Campanian ash layer, which is believed to
have originated from volcanoes in the Campanian and Neapolitan regions of Italy

approximately 28-30 thousand years ago.

The tephras from the Myrt66n basin that were studied as part of this work had
approximate ages of between 1 thousand and 12.5 thousand years. The glassy particles

that made up the tephras had morphology that suggested that they originated from plinian
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volcanic eruptions. The identification of the tephras showed that they could be grouped as
originating from three possible sources:
a) Two deposits were correlated to the Minoan eruption of the Thera volcano
from 3500 years ago,
b) Two tephras were correlated to the eruption from the Akrotiri vent of Thera
from 18000 years ago,
¢) and six tephras were correlated to the eruptions of the volcanoes from Ischia
Island in the Campanian area of Italy (layers 20/1, 20/2, 20/3, 37/1, 37/5, and

40/7), occurring during several periods of activity.

The mineralogy of all the tephras was studied using X-ray powder diffraction and
a search/match procedure. However, the method had a limit of detection of approximately
10% w/w for minerals such as augite and biotite, which are important in the
differentiation of tephras from Italian and Hellenic volcanoes. These minerals, as well as
other important minerals, were generally not detected by the X-ray diffraction methods of
analysis used for this work, and it is believed that it was due to a combination of the high

limit of detection of the method and a low mineral content of the tephras.

116



10.

11

12.

13.

REFERENCES

Barberi, F., Innocenti, F., Lirer, L., Munno, R., Pescatore, T., Santacroce, R., "The
Campanian Ignimbrite: a major prehistoric eruption in the Neapolitan area (Italy)”,
Bulletin of Volcanology, 41-1, 10-31, (1978).

Bates, L. R., and Jackson, J. A., eds., “Glossary of geology, 2™ edition”, American
Geological Institute, Virginia, U.S.A. (1980).

Bish, S. L., Post, J.E. ed, "Modern Powder Diffraction", Mineralogical Society of
America, 20, (1989).

Borchardt, G., Harward, M. E., and Schmitt R. A. Correlation of volcanic ash
deposits by activation analysis of glass separates. Quaternary Research, 1, 247-260,
(1971).

Christanis, K., “Phiippi/Greece: A peat deposit awaiting development”, International
Peat Journal, 2, 45-54, (1987).

Civetta, L. Orsi, G., Pappalardo, L., Fisher, R.V., Heiken, G. and Ort, M.,
“Geochemical zoning, mingling, eruptive dynamics and depositional processes — the
Campanian Ignimbrite, Campi Flegrei caldera, Italy”. Journal of Volcanology and
Geothermal Research, 75/3-4, 183-220, (1997).

Cullity, B.D., "Elements of X-ray diffraction", Addison-Wesley Publishing Co. New
York, (1967).

De Rita D, 11 vulcanismo”. In: Societa Geologica Italiana (ed.), Guide Geologiche
Regionali: pp. 50-64, (1993).

Denes, G., Madamba, C., private communication.
Federman, A., Carey, S., "Electron microprobe correlation of Tephra Layers from
Eastern Mediterranean abyssal sediments and the Island of Santorini"”, Quaternary

Research, 13, 160-171, (1980).

Fisher, R.V., Schmincke. “Pyroclastic Rocks”. Springer-Verlag, Berlin, pp. 1-218,
(1984).

Geraga St. Tsaila-Monopolis, M., Ioakim, C., Papatheodorou, G., and Ferentinos, G.,
“An evaluation of palaeo environmental changes during the last 1800 years in the
Myrtoon basin, SW Aegean Sea”, Palaeogeography, 156, 1-17, (2000).

Goodhedw, P. J., Humphreys, F. J., "Electron Microscopy and Analysis", 2nd ed.,
Taylor and Frances, London, (1988).

117



14

15

16

17

18

19

20

21

22

23

24

25

26

- Keller, J., Ryan, W., Ninkovich, D, Altherr, R., "Explosive volcanic activity in the
Mediterranean over the past 2000,000 yr as recorded in deep-sea sediments.",
Geological Society of America Bulletin, 89, 591-604, (1978).

- Keller, J., “Quaternary tephrochronology in the Mediterranean region”. In Tephra
Studies, (S. Self and R. S. J. Sparks, eds.). pp. 95-102. D. Reidel Publishing
Company, (1981).

. Marinatos, S., Antiquity, 13, 425-439 (1939).

- Melidonis, N., The peat-lignite deposit of Philippi (Macedonia, Greece), Geol.
Geophys. Res. XII/3,, 87-250 (1976).

- Patterne, M., Guichardt, F., Labeyrie, J., Gillot, P. Y., Duplessy, J.C., "Tyrrhenian sea
tephrochronology of the oxygen isotope record for the past 60,000 years", Marine
Geology, 72, 259-285, (1986).

. Patterne, M., Guichardt, F., Labeyrie, J., "Explosive activity of the South Italian
Volcanoes during the past 80,000 years as determined by marine tephrochronology",
Journal of Volcanology and Geothermal Research, 34, 153-172, (1988).

. PDF-2 JCPDS database, International Center for Diffraction Data, (1989).

- Reed, S. J. B., " Electron Microprobe analysis and scanning electron microscopy in
geology", Cambridge University Press, (1996).

- Reed, S. J. B., "Electron Microprobe Analysis", Cambridge University Press,
Cambridge, (1993).

- Richardson, D., Ninkovich, D., "Use of K20, Rb, Zr, and Y versus SiO2 in volcanic
ash layers of the eastern Mediterranean to trace their source", Geological Society of
America Bulletin, 87, 110-116, (1976).

. St. Seymour, K, Christanis, K. “Correlation of tephra layer in Western Greece with a
late Pleistocene eruption in the Campanian Province of Italy”, Quaternary Research,
43, 46-54, (1995).

. St.-Seymour, K., Christanis, K., Papazisimou, S., Bouzinos, A., Papathodorou, G.,
Moran, E., and Denes, G., "Tephrastrtigraphy and Tephrochronology in the Philippi
Peat Basin, Northern Hellas", submitted to Journal of Volcanology and Geothermal
Research (2000).

. Thunnel, R., Federman, A., Sparks, S., Williams, D., "The age, origin, and

volcanological significance of the Y-5 ash layer in the Mediterranean", Quaternary
Research, 12, 241-253, (1979).

118



27. uPDSM User's Manual, r4.21, F einn-Marquardt & Associates, New York, (1989).

28. Walker, P. L. G., "Volcanological applications of pyroclastic studies" in Tephra
Studies, Self & Sparks, ed., Reidel, Dordercht, (1981).

29. Watkins, N.D., Sparks, R., Sigurdsson, H., Huang, T.C., Federman, A, Carey, S.,

Ninkovich, D., "Volume and extent of the Minoan tephra from Santorini Volcano:
new evidence from deep-sea sediment cores", Nature, 271, 122-126, (1978).

119



APPENDIX |

Representative X-ray Diffraction Patterns

and their Corresponding Peaks Lists
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Figure Al — X-ray diffraction pattern of Philippi sample PH-1 358-362 (EEM-1)
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Figure A2 — X-ray diffraction pattern of Philippi sample PH-1 447-450 (EEM-2)
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Table Al- Peak list for Philippi sample PH-1 358-362 (EEM-1)

2-theta d- relative 2-theta d- relative 2-theta d- relative

angle spacing | intensity angle |spacing | intensity angle |spacing| intensity

(degrees) (degrees) (degrees)
9.04 9.775 5 30.80 | 2.901 5 53.24 1.719 2
12.34 7.167 5 3140 | 2.847 9 54.76 1.675 3
13.66 6.477 2 31.66 | 2.824 4 5533 1.659 2
15.12 5.855 3 32.44 | 2.758 1 57.09 1.612 2
18.82 4711 5 33.72 | 2.656 6 59.90 1.543 13
19.18 4.624 4 34.88 | 2.570 10 60.20 1.536 4
19.72 4.498 10 35.07 | 2.557 6 61.94 1.497 4
19.96 4.445 7 35.54 | 2.524 13 62.26 1.490 7
20.50 4329 4 35.74 | 2.510 8 62.63 1.482 1
20.78 4271 28 36.06 | 2.489 2 62.92 1.476 2
2098 4231 5 36.48 | 2.461 8 63.98 1.454 3
21.90 4.055 38 37.69 | 2.385 4 64.83 1.437 2
22.74 3.907 6 3896 | 2310 2 65.14 1.431 2
23.60 3.767 27 39.38 | 2.286 5 65.55 1.423 3
24.00 3.705 6 40.25 | 2.239 4 66.18 1.411 4
24.14 3.684 6 40.28 | 2.237 3 67.64 1.384 11
2434 3.654 20 4211 | 2.144 9 68.09 1.376 7
25.00 3.559 7 4238 | 2.131 8 68.20 1.374 7
25.54 3.485 5 4280 | 2.111 4 68.60 1.367 3
26.58 3.351 100 45.69 1.984 S 69.00 1.360 2
26.90 3.312 5 47.10 1.928 2 69.47 1.352 4
27.04 3.295 4 48.35 1.881 4 69.70 1.348 2
27.72 3.216 99 49.16 | 1.852 3 71.15 1.324 3
27.94 3.191 58 49.67 1.834 4 73.33 1.290 2
28.36 3.144 15 50.05 1.821 10 75.59 1.257 3
29.54 3.022 9 50.73 1.798 10 77.62 1.229 2
29.76 3.000 6 51.38 1.777 6
30.20 2.957 17 5226 | 1.749 4
30.38 2.940 15 52.65 1.737 2
30.65 2915 7 53.11 1.723 3
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Table A2- Peak list for Philippi sample PH-1 447-450 (EEM-2)

2-theta d- relative 2-theta d- relative 2-theta d- relative
angle {spacing| intensity angle |spacing| intensity angle |spacing| intensity
(degrees) (degrees) (degrees)

6.92 12.764 6 29.80 2.996 12 49.79 1.830 5
8.28 10.670 S 30.26 2.951 14 50.08 1.820 13
9.78 9.037 3 30.38 2.940 20 50.73 1.798 5
10.18 8.682 1 30.70 2.910 7 51.35 1.778 5
11.06 7.993 3 31.42 2.845 8 52.13 1.753 4
12.20 7.249 4 31.72 2.819 3 53.21 1.720 5
12.40 7.132 7 32.05 2.790 3 54.87 1.672 4
13.68 6.468 7 32.24 2.774 3 58.16 1.585 4
13.84 6.393 4 33.61 2.664 5 59.94 1.542 14
15.74 5.626 6 34.52 2.596 5 61.75 1.501 3
18.68 4.746 5 34.67 2.585 5 62.07 1.494 4
19.18 4.624 4 " 34.85 2.572 7 62.31 1.489 6
19.80 4.480 12 35.07 2.557 6 63.74 1.459 3
20.36 4358 5 35.52 | 2.525 16 63.98 1.454 4
20.48 4.333 6 35.77 | 2.508 10 67.64 1.384 6
20.80 4267 22 36.04 | 2490 4 68.09 1.376 5
21.92 4.052 41 36.22 2.478 5 68.25 1.373 5
22.76 3.904 6 36.48 2.461 9 69.41 1.353 4
23.60 3.767 30 37.70 2.384 4 7091 1.328 2
23.88 | 3.723 4 39.12 2.301 3 75.59 1.257 4
24.06 3.696 6 39.42 2.284 9 78.54 1.217 4
2434 3.654 16 40.10 2.247 4

24.94 3.567 6 40.26 2.238 6

25.22 3.528 4 41.72 2.163 3

25.54 3.485 5 42.15 2.142 6

25.62 3.474 7 42 .38 2.131 10

25.78 3.453 4 42.61 2.120 4

26.58 3.351 100 4295 2.104 3

26.98 3.302 5 44 .69 2.026 3

27.10 3.288 5 4572 1.983 4

27.44 3.248 19 45.96 1.973 1

27.72 3.216 63 46.74 1.942 3

27.94 3.191 47 47.07 1.929 2

28.36 3.144 15 48.35 1.881 6

29.44 3.032 6 49.18 1.851 5

29.58 3.018 10 49.53 1.839 S

1.830 5
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Figure A3 — X-ray diffraction pattern of Philippi sample PH-1 630-640 (EEM-3)
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Figure A4 — X-ray diffraction pattern of Philippi sample PH-1 640-660 (EEM-4)
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Table A3- Peak list for Philippi sample PH-1 630-640 (EEM-3)

2-theta d- relative 2-theta d- relative 2-theta d- relative
angle |[spacing| intensity angle |spacing| intensity angle |spacing| intensity
degrees) (degrees) (degrees)
8.84 9.995 11 30.00 2976 9 55.30 1.66 4
9.14 9.668 4 30.36 2.942 3 59.94 1.542 9
9.46 9.341 4 30.44 2.934 3 61.53 1.506 3
12.46 7.098 3 30.74 2.906 7 61.75 1.501 3
13.60 6.506 3 31.20 2.864 4 61.98 1.496 3
15.18 5.832 2 31.40 2.847 4 62.31 1.489 3
16.00 5.535 6 32.22 2.776 5 62.68 1.481 2
16.26 5.447 8 32.46 2.756 4 64.03 1.453 4
19.82 4476 11 32.68 2.738 3 65.19 1.43 3
20.30 4371 6 32.88 2.722 3 67.75 1.382 6
20.50 4329 5 34.43 2.603 4 68.14 1.375 7
20.68 4292 6 34.60 2.59 6 70.18 1.34 2
20.84 4259 23 3497 2.564 11
21.02 4223 7 35.38 2.535 5
21.36 4.157 6 35.58 2.521 5
21.48 4.134 5 35.98 2.494 4
21.70 4.092 4 36.53 2.458 7
21.96 4.044 5 37.18 2416 2
22.86 3.887 5 37.65 2.387 2
23.14 3.841 4 39.46 2.282 7
23.56 3.773 15 40.28 2.237 4
24.22 3.672 4 41.56 2.171 9
25.30 3.517 4 42.40 2.13 7
25.72 3.461 9 42.87 2.108 2
26.62 3.346 100 44.03 2.055 3
26.94 3.307 11 4531 2 3
27.12 3.285 14 45.79 1.98 5
27.26 3.269 15 45.99 1.972 3
27.40 3.252 21 47.07 1.929 2
27.68 3.22 26 49.79 1.83 3
27.94 3.191 15 50.11 1.819 11
28.34 3.147 5 50.80 1.796 4
29.46 3.03 4 51.35 1.778 2
29.60 3.016 4 54.48 1.683 4
29.80 2.996 9 54.83 1.673 7
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Table A4- Peak list for Philippi sample PH-1 640-660 (EEM-4)

2-theta d- relative 2-theta d- relative 2-theta d- relative
angle |spacing| intensity angle |spacing| intensity angle |spacing| intensity
degrees) (degrees) (degrees)

8.90 9.928 16 27.40 3.252 28 47.18 1.925 2
9.30 9.502 8 27.68 3.22 33 47.60 1.909 3
10.48 8.434 3 27.92 3.193 15 50.11 1.819 11
10.90 8.11 3 28.46 3.134 3 50.64 1.801 4
12.38 7.144 5 29.90 2.986 13 50.89 1.793 6
13.56 6.525 5 30.12 2.965 8 54.83 1.673 4
13.70 6.458 4 30.26 2.951 7 59.94 1.542 11
15.08 5.87 2 30.78 2.903 9 61.62 1.504 4
16.00 5.535 6 31.00 2.882 5 61.80 1.5 4
16.28 5.44 8 31.18 2.866 5 62.03 1.495 6
16.48 5.375 6 31.42 2.845 4 62.40 1.487 5
17.56 5.046 6 32.44 2.758 7 67.69 1.383 5
17.80 4,979 6 33.88 2.644 3 68.25 1.373 4
19.86 4.467 16 34.40 2.605 6
20.04 | 4427 19 34.65 2.587 6

20.44 4.341 12 34.85 2.572 12
20.64 4.3 9 3498 2.563 14
20.86 4.255 28 3532 2.539 7
21.30 4.168 8 35.58 2.521 6

21.60 4.111 8 36.54 2.457 11

22.00 4.037 8 37.20 2415 5

22.54 3.942 3 37.43 2.401 5
22.82 3.894 4 37.72 2.383 4
23.22 3.828 6 38.02 2.365 6
23.62 3.764 22 38.89 2314 6
24.22 3.672 6 39.08 2.303 5
24.52 3.628 6 39.46 2.282 12
25.06 3.551 6 40.12 2.246 4
25.44 3.498 5 40.32 2.235 6
25.76 3.456 11 41.60 2.169 7
25.96 3.429 8 41.70 2.164 5
26.64 3.343 100 42.32 2.134 4
26.88 3314 18 42.49 2.126 7
27.16 3.281 14 4526 2.002 4
27.30 3.264 32 45.79 1.98 9
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Figure AS — X-ray diffraction pattern of Philippi sample PH-1 660-680 (EEM-5)
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Figure A6 — X-ray diffraction pattern of Philippi sample PH-2 487-490 (EEM-6)
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Table AS- Peak list for Philippi sample PH-1 660-680 (EEM-5)

2-theta d- relative 2-theta d- relative 2-theta d- relative
angle [spacing| intensity angle |spacing| intensity angle |spacing| intensity
(degrees) (degrees) (degrees)

8.82 10.02 6 27.30 3.264 35 48.29 1.883 4
10.18 8.682 5 27.40 3.252 62 50.11 1.819 16
12.30 7.19 S 27.56 3.234 35 50.61 1.802 7
13.56 6.525 10 27.70 3.218 43 50.89 1.793 9
15.20 5.824 4 27.94 3.191 16 51.41 1.776 5
15.94 5.556 11 29.06 3.07 6 54.87 1.672 7
16.24 5.454 19 29.38 3.038 7 59.90 1.543 9
19.70 4.503 11 29.78 2.998 18 61.57 1.505 7
19.80 448 15 30.00 2.976 15 61.80 1.5 6
20.06 4423 11 30.26 2.951 14 62.03 1.495 8
20.32 4.367 10 30.68 2.912 9 67.69 1.383 7
20.62 4304 9 30.82 | 2.899 11 68.14 1.375 8
20.82 4.263 25 31.26 2.859 9

2094 4239 14 32.30 2.769 12

21.08 4211 15 34.49 2.598 5

21.24 4.18 12 3472 | 2.582 9

22.66 3.921 10 34.90 2.569 15

22.82 3.894 13 35.08 2.556 9

23.02 3.86 8 35.64 | 2.517 6

23.14 3.841 8 36.50 2.46 10

23.60 3.767 45 37.03 2.426 5

24.04 3.699 8 37.20 2.415 6

2424 3.669 10 37.36 | 2.405 5

2436 3.651 10 37.69 2.385 7

24.56 3.622 6 38.10 2.36 4

24.64 3.61 8 38.44 2.34 4

24.94 3.567 10 39.42 2.284 7

25.30 3.517 7 41.64 | 2.167 15

25.76 3.456 18 4236 2.132 7

25.90 3.437 13 42.80 2.111 5

26.60 3.348 100 4538 1.997 6

26.78 3.326 22 45.59 1.988 6

26.92 3.309 22 45.79 1.98 I1

27.06 3.293 17 45.99 1.972 7

27.18 3.278 21 47.65 1.907 4
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Table A6- Peak list for Philippi sample PH-2 487-490 (EEM-6)

2-theta d- relative 2-theta d- relative 2-theta d- relative
angle [spacing| intensity angle [spacing| intensity angle |spacing| intensity
(degrees) (degrees) (degrees)

8.90 9928 1 29.84 2.992 3 45.79 1.98 3
12.42 7.121 1 30.42 2.936 6 48.35 1.881 1
12.50 7.076 1 30.76 2.904 2 49.73 1.832 I
13.88 6.375 1 31.26 2.859 1 49.90 1.826 1
1432 6.18 2 31.48 2.84 2 50.14 1.818 10
15.10 5.863 1 31.79 2.813 1 50.61 1.802 1
19.84 4471 3 32.28 2.771 3 50.73 1.798 1
20.10 4414 3 3291 2.719 1 51.25 1.781 I
20.86 4255 19 33.78 2.651 1 51.44 1.775 1
22.00 4.037 13 34.48 2.599 1 52.39 1.745 1
2296 3.87 4 34.94 2.566 2 54.87 1.672 3
23.64 3.761 12 35.29 2.541 1 55.33 1.659 I
23.84 3.729 1 35.54 2.524 1 56.74 1.621 1
24.26 3.666 4 35.64 2.517 1 56.90 1.617 1
24 .44 3.639 2 36.54 2.457 5 59.94 1.542 6
25.20 3.531 1 36.74 2.444 2 60.07 1.539 1
25.62 3.474 3 37.69 2.385 1 62.03 1.495 3
26.64 3.343 100 39.46 2.282 5 64.08 1.452 I
27.06 3.293 2 40.28 2.237 3 67.69 1.383 4
27.54 3.236 7 41.75 2.162 1 67.92 1.379 |

.27.80 3.207 20 4224 2.138 1 68.14 1.375 5
27.96 3.189 17 42.44 2.128 S 68.31 1.372 3
28.32 3.149 7 42.85 2.109 1 73.46 1.288 1
29.56 3.02 1 4428 2.044 1 75.66 1.256 1
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Figure A7 — X-ray diffraction pattern of Philippi sample PH-2 528-530 (EEM-7)
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Figure A8 — X-ray diffraction pattern of Philippi sample PH-2 830-840 (EEM-8)
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Table A7- Peak list for Philippi sample PH-2 528-530 (EEM-7)

2-theta d- relative 2-theta d- relative 2-theta d- relative
angle |spacing| intensity angle |spacing| intensity angle [spacing| intensity
(degrees) (degrees) (degrees)
11.58 7.636 3 2444 | 3.639 8 37.18 2416 2
1238 | 7.144 3 2460 | 3.616 4 37.65 2.387 3
12.54 | 7.053 3 25.10 | 3.545 3 39.03 2.306 1
13.76 6.43 3 25.28 3.52 5 39.15 2.299 2
1520 | 5.824 2 25.50 3.49 5 39.46 2.282 6
15.66 | 5.654 2 2568 | 3.466 5 40.30 2.236 3
17.18 | 5.157 2 2646 | 3.366 12 40.93 2.203 2
17.42 | 5.087 3 26.64 | 3.343 10 41.64 2.167 2
18.04 | 4913 4 - 2694 | 3.307 4 41.85 2.157 3
18.30 | 4.844 4 27.14 | 3.283 3 42.13 2.143 5
18.52 | 4.787 4 2752 | 3.239 12 42.30 2.135 5
18.88 | 4.697 4 2762 | 3.227 25 42.42 2.129 S
19.74 | 4.494 8 27.76 | 3.211 51 42.61 2.12 4
19.86 | 4.467 7 2798 | 3.186 40 42.93 2.105 4
19.98 4.44 7 2832 | 3.149 6 45.57 1.989 2
20.06 | 4423 6 28.44 | 3.136 11 45.79 1.98 4
20.40 4.35 5 2964 | 3.012 6 47.18 1.925 3
20.86 | 4.255 22 2982 | 2.994 9 47.23 1.923 2
21.36 | 4.157 6 30.28 | 2.949 11 48.32 1.882 1
21.44 | 4.141 4 3042 | 2.936 11 48.46 1.877 2
21.56 | 4.118 5 30.70 291 3 49.27 1.848 2
21.70 | 4.092 7 30.74 | 2.906 3 49.73 1.832 4
21.98 | 4.041 25 3090 | 2.892 4 49.84 1.828 3
22.54 | 3.942 5 3146 | 2.841 7 49.96 1.824 2
22.64 | 3.924 5 31.54 | 2.834 6 50.14 1.818 11
22.82 | 3.894 6 31.74 | 2.817 3 50.29 1.813 1
2294 | 3.874 6 33.76 | 2.653 3 50.80 1.796 8
23.02 3.86 3 3444 | 2.602 4 50.92 1.792 2
23.46 | 3.789 6 3466 | 2.586 4 51.47 1.774 5
23.56 | 3.773 11 34.80 | 2.576 5 52.33 1.747 3
23.68 | 3.754 22 35.07 | 2.557 3 53.24 1.719 3
23.88 | 3.723 7 35.60 2.52 7 55.51 1.654 2
24.12 | 3.687 5 35.77 | 2.508 7 59.98 1.541 6
2422 | 3.672 7 36.54 | 2.457 7 62.07 1.494 3
24.36 | 3.651 9 36.67 | 2.449 3 62.31 1.489 3
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Table A8- Peak list for Philippi sample PH-2 830-840 (EEM-8)

2-theta d- relative 2-theta d- relative 2-theta d- relative
angle |spacing| intensity angle |spacing| intensity angle |spacing| intensity
| (degrees) (degrees) (degrees)

8.76 10.09 5 25.70 3.464 10 36.48 2.461 8
13.56 6.525 3 25.78 3.453 6 39.42 2.284 8
15.18 5.832 5 26.60 3.348 100 40.25 2.239 4
15.96 5.549 6 26.82 3.321 10 41.58 2.17 7
16.22 5.46 7 27.08 3.29 11 42.40 2.13 5
19.88 4.462 11 27.38 3.255 24 50.11 1.819 12
20.82 4.263 26 27.66 3.222 23 50.64 1.801 5
21.26 4.176 7 27.92 3.193 10 50.89 1.793 5
21.44 4.141 4 28.18 3.164 6 54.94 1.67 4
21.86 4.063 6 28.36 3.144 6 59.94 1.542 10
21.98 4.041 22 29.82 2.994 9 67.69 1.383 5
22.72 3.911 3 30.30 2.947 6 68.09 1.376 4
22.84 3.89 4 30.74 2.906 8 68.25 1.373 5
23.56 3.773 18 32.34 2.766 5
24.34 3.654 4 34.80 2.576 9
24.46 3.636 6 3497 2.564 10
24.72 3.599 2 35.58 2.521 6
25.70 3.464 10 36.48 2461 8
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Figure A9 — X-ray diffraction pattern of Philippi sample PH-2 840-855 (EEM-9)
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Figure A10 — X-ray diffraction pattern of Philippi sample PH-3 305-309 (EEM-10m2)
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Table A9- Peak list for Philippi sample PH-2 840-855 (EEM-9)

2-theta d- relative 2-theta d- relative 2-theta d- reliative
angle |spacing| intensity angle |[spacing| intensity angle |spacing| intensity
degrees) (degrees) (degrees)

8.76 10.09 5 25.70 3.464 10 36.48 2.461 8
13.56 | 6.525 3 25.78 3.453 6 39.42 2.284 8
15.18 5.832 5 26.60 3.348 100 40.25 2.239 4
15.96 5.549 6 26.82 3.321 10 41.58 2.17 7
16.22 5.46 7 27.08 3.29 11 42.40 2.13 5
19.88 4.462 11 27.38 3.255 24 50.11 1.819 12
20.82 | 4.263 26 27.66 3.222 23 50.64 1.801 5
21.26 | 4.176 7 2792 3.193 10 50.89 1.793 5
2144 | 4.141 4 28.18 3.164 6 54.94 1.67 4
21.86 | 4.063 6 28.36 3.144 6 59.94 1.542 a0
21.98 4.041 22 29.82 2.994 9 67.69 1.383 5
22.72 | 3911 3 3030 2.947 6 68.09 1.376 4
22.84 3.89 4 30.74 2.906 8 68.25 1.373 S
23.56 | 3.773 18 32.34 2.766 5
2434 | 3.654 4 34.80 2.576 9
2446 | 3.636 6 3497 2.564 10
24.72 3.599 2 35.58 2.521 6
25.70 3.464 10 36.48 2.461 8
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Table A10- Peak list for Philippi sample PH-3 305-309 (EEM-10m2)

relative

2-theta d- relative 2-theta d- relative 2-theta d-
angle |spacing| intensity angle |spacing| intensity angle |spacing| intensity
(degrees) (degrees) (degrees)

12.46 | 7.098 6 35.22 | 2.546 5 61.84 1.499 5
1294 | 6.834 3 35.55 | 2.523 25 62.26 1.49 12
13.74 6.44 5 35.77 | 2.508 9 62.59 1.483 4
15.04 | 5.886 3 36.10 | 2.486 4 63.83 1.457 7
19.18 | 4.624 11 36.50 2.46 10 63.98 1.454 2
20.80 | 4.267 25 36.76 | 2.443 5 64.63 1.441 4
21.50 4.13 11 37.14 | 2419 2 65.70 1.42 3
21.70 | 4.092 16 37.64 | 2.388 4 67.03 1.395 4
21.92 | 4.052 47 39.08 2.303 2 67.47 1.387 8
22.52 | 3.945 9 39.40 | 2.285 7 67.64 1.384 6
22.86 | 3.887 8 40.42 2.23 2 68.09 1.376 8
23.08 3.85 8 42.15 2.142 10 68.37 1.371 2
23.48 | 3.786 13 42.38 2.131 10 68.48 1.369 6
23.60 | 3.767 37 42.55 | 2.123 9 69.35 1.354 6
23.86 | 3.726 8 42.87 | 2.108 4 69.58 1.35 4
2436 | 3.651 22 44.21 2.047 4 69.64 1.349 2
25.58 3.48 13 4495 | 2.015 6 71.28 1.322 4
26.38 | 3.376 21 45.52 1.991 5 75.59 1.257 5
26.58 | 3.351 74 47.05 1.93 6 78.54 1.217 7
26.98 | 3.302 10 47.15 1.926 4

27.60 | 3.229 35 48.27 1.884 3

27.74 | 3.213 100 48.38 1.88 4

27.96 | 3.189 68 49.21 1.85 5

2838 | 3.142 23 49.73 1.832 8

29.54 | 3.022 10 49.99 1.823 10

29.60 | 3.016 9 50.11 1.819 6

29.82 | 2994 13 50.73 1.798 6

2992 | 2984 16 51.47 1.774 10

30.20 | 2.957 12 52.29 1.748 5

3036 | 2942 13 53.18 1.721 4

30.60 | 2919 7 53.35 1.716 3

31.40 | 2.847 13 57.09 1.612 4

31.70 2.82 9 57.32 1.606 4

33.64 | 2.662 7 58.76 1.57 3

33.90 | 2.642 12 59.94 1.542 12
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Figure A11 — X-ray diffraction pattern of Philippi sample PH-3 565-570 (EEM-11)
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Figure A12 — X-ray diffraction pattern of Philippi sample PH-3 570-595 (EEM-12)
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Table A11- Peak list for Philippi sample PH-3 565-570 (EEM-11)

2-theta d- relative 2-theta d- relative 2-theta d- relative
angle [spacing| intensity angle |spacing| intensity angle [spacing| intensity
| (degrees) (degrees) (degrees)

13.68 6.468 10 28.44 3.136 19 42.46 2.127 9
15.08 5.87 10 29.82 2.994 15 50.17 1.817 16
19.96 4.445 22 29.94 2.982 26 50.29 1.813 6
20.18 4.397 20 30.31 2.946 14 50.89 1.793 13
20.46 4.337 12 30.60 2.919 16 51.28 1.78 6
20.90 4.247 32 30.80 2.901 18 54.94 1.67 5
21.14 4.199 14 32.42 2.759 13 56.52 1.627 5
21.38 4.153 1B 33.76 2.653 6 59.98 1.541 12
21.98 4.041 17 3490 2.569 20 61.80 1.5 7
22.80 3.897 4 35.08 2.556 23 62.07 1.494 8
23.66 3.757 30 35.24 2.545 17 62.31 1.489 6
23.98 3.708 12 35.42 2.532 13 67.75 1.382 5
25.78 3.453 20 35.64 2.517 9 68.14 1.375 10
26.66 3.341 100 36.57 2.455 14 68.37 1.371 4
27.34 3.259 46 37.87 2.374 11

27.44 3.248 50 38.03 2.364 9

27.74 3.213 48 39.49 2.28 11

27.96 3.189 25 41.64 2.167 12
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Table A12- Peak list for Philippi sample PH-3 570-595 (EEM-12)

2-theta d- relative 2-theta d- relative 2-theta d- relative

angle |[spacing| intensity angle |spacing| intensity angle |spacing| intensity
(degrees) (degrees) (degrees)

8.84 9.995 56 26.86 3.317 28 54.34 1.687 10
9.48 9.322 14 27.18 3.278 37 54.58 1.68 9
9.86 8.963 5 27.34 3.259 58 54.83 1.673 12
10.22 8.648 6 27.48 3.243 75 55.33 1.659 9
10.46 8.451 9 27.68 3.22 77 59.94 1.542 6
10.68 8.277 12 28.02 3.182 51 60.07 1.539 5
10.98 8.051 17 29.86 2.99 29 62.03 1.495 22
11.96 7.394 18 30.04 2.972 20 62.40 1.487 26
12.42 7.121 16 30.65 2915 14 62.63 1.482 22
13.62 6.496 11 30.80 2.901 19 67.75 1.382 6
17.68 5.013 6 32.40 2.761 13 68.37 1.371 9
17.84 4968 9 34.99 2.562 48 73.40 1.289 13
18.04 4913 6 35.34 2.538 28 73.80 1.283 9
19.98 4.44 100 35.70 2.513 22 7420 1.277 9
20.88 4251 48 36.09 2.487 12 74.75 1.269 5
21.26 4.176 26 37.20 2.415 12 76.52 1.244 3
21.40 4.149 22 37.88 2373 12 76.96 1.238 3
21.60 4111 &) 38.18 2.355 12 77.33 1.233 5
21.98 4.041 10 38.92 2312 6

22.86 3.887 6 40.32 2.235 8

23.50 3.783 31 41.66 2.166 16

23.62 3.764 49 42.05 2.147 9

24.58 3.619 17 42 .46 2.127 12

24.98 3.562 12 49,53 1.839 8

25.66 3.469 12 50.11 1.819 9

25.78 3.453 32 50.80 1.796 9

26.66 3.341 98 50.95 1.791 14
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Figure A13 — X-ray diffraction pattern of Philippi sample PH-4 330-335 (EEM-14)
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Figure A14 — X-ray diffraction pattern of Philippi sample PH-4 335-350 (EEM-15)
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Table A13- Peak list for Philippi sample PH-4 330-335 (EEM-14)

2-theta d- relative 2-theta d- relative 2-theta d- relative
angle |spacing| intensity angle |spacing| intensity angle |spacing| intensity
(degrees) (degrees) (degrees)

6.34 13.93 3 29.88 2988 3 55.12 1.665 1
8.92 9.906 18 30.52 2.927 2 55.40 1.657 2
9.46 9.341 2 30.82 2.899 2 55.77 1.647 1
9.70 9.111 2 31.31 2.855 1 59.98 1.541 8
10.56 8.371 2 32.05 2.79 1 60.16 1.537 1
10.90 8.11 1 32.40 2.761 1 61.53 1.506 1
12.38 7.144 4 33.10 2.704 8 61.75 1.501 1
12.80 691 1 34.60 2.59 3 62.12 1.493 3
13.66 6.477 2 34.97 2.564 7 62.35 1.488 3
13.94 6.348 1 35.50 2.527 3 62.59 1.483 2
17.06 5.193 i 35.74 2.51 2 62.82 1.478 1
17.84 4968 5 36.10 2.486 2 64.03 1.453 1
18.88 4.697 1 36.60 2.453 7 67.81 1.381 3
19.94 4.449 15 37.15 2418 1 67.97 1.378 1
20.00 4.436 15 37.78 2.379 2 68.20 1.374 5
20.32 4367 11 38.10 2.36 1 68.37 1.371 2
20.66 4.296 7 38.54 2.334 1 69.58 1.35 1
20.90 4247 26 38.71 2.324 1 73.53 1.287 1
21.26 4.176 3 39.21 2.296 1 73.73 1.284 1
21.46 4.137 2 39.53 2.278 4 75.73 1.255 2
22.08 4.023 4 40.36 2.233 3 75.73 1.255 2
22.60 3.931 1 41.75 2.162 6

22.92 3.877 1 41.87 2.156 I

23.66 3.757 8 42.51 2.125 5

2432 3.657 2 4497 2.014 1

2494 3.567 2 45.52 1.991 3

25.24 3.526 3 45.62 1.987 2

25.74 3.458 2 45.81 1.979 3

26.70 3.336 100 50.17 1.817 11

27.14 3.283 4 50.73 1.798 1

27.50 3.241 19 50.89 1.793 i

27.78 3.209 11 51.07 1.787 1

27.86 3.2 10 54.37 1.686 2

28.04 3.18 15 54.58 1.68 1

28.40 3.14 1 54.94 1.67 4
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Table A14- Peak list for Philippi sample PH-4 335-350 (EEM-15)

2-theta d- relative 2-theta d- relative 2-theta d- Relative
angle |spacing| intensity angle |spacing| intensity angle |[spacing| intensity
degrees) (degrees) (degrees)
6.34 13.93 4 28.02 3.182 10 55.77 1.647 1
8.32 10.62 1 28.38 3.142 1 59.98 1.541 8
8.62 10.25 3 29.88 2988 4 60.72 1.524 1
8.86 9.973 7 30.54 2.925 5 61.35 1.51 1
9.28 9.522 2 30.82 2.899 2 61.57 1.505 2
10.52 8.402 1 31.32 2.854 1 61.75 1.501 2
10.94 8.081 1 32.00 2.795 1 61.98 1.496 2
11.74 7.532 1 34.52 2.596 3 62.31 1.489 3
11.98 7.382 2 34.84 | 2.573 6 62.54 1.484 1
12.12 | 7297 3 34.99 2.562 8 62.87 1.477 I
12.44 7.11 5 35.24 | 2.545 5 64.08 1.452 2
13.66 | 6.477 1 35.38 2.535 4 64.23 1.449 1
15.16 5.84 | 35.60 2.52 6 67.81 1.381 4
16.04 | 5.521 1 3598 2.494 2 68.20 1.374 5
16.28 5.44 1 36.57 2.455 8 68.37 1.371 3
17.84 | 4968 2 37.31 2.408 1 72.87 1.297 1
18.86 | 4.701 1 37.69 2.385 2 73.53 1.287 2
19.92 | 4454 15 37.88 2.373 I 75.37 1.26 1
20.90 | 4247 24 38.52 2.335 1 75.73 1.255 2
21.56 | 4.118 2 38.85 2316 1 77.70 1.228 1
22.06 - | 4.026 3 39.49 2.28 6
22.74 | 3.907 1 40.34 2.234 3
22.98 3.867 1 41.27 2.186 1
23.62 | 3.764 5 41.68 2.165 2
2436 | 3.651 2 42.51 2.125 6
2490 | 3.573 3 4423 2.046 1
25.14 | 3.539 3 45.14 | 2.007 2
2524 | 3.526 3 45.52 1.991 3
2546 | 3.496 3 45.84 1.978 3
25.60 | 3.477 2 50.17 1.817 14
26.68 3.339 10 53.99 1.697 1
27.12 | 3.285 S 54.37 1.686 1
27.48 3.243 8 54.58 1.68 1
27.78 3.209 10 54.94 1.67 4
2794 | 3.191 9 55.37 1.658 2
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Figure A1S — X-ray diffraction pattern of Philippi sample PH-4 350-400 (EEM-16)
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Figure A16 — X-ray diffraction pattern of Philippi sample PH-4 400-430 (EEM-17)
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Table A15- Peak list for Philippi sample PH-4 350-400 (EEM-16)

2-theta d- relative 2-theta d- relative 2-theta d- Relative
angle [spacing| intensity angle |spacing| intensity angle |[spacing| intensity
(degrees) (degrees) (degrees)

8.90 9.928 8 28.40 3.14 3 50.20 1.816 1S
12.50 | 7.076 4 28.60 3.119 1 50.43 1.808 2
1598 | 5.542 5 29.84 | 2.992 7 50.73 1.798 4
16.30 | 5.434 8 30.50 | 2.929 6 5095 1.791 4
17.86 | 4.962 5 30.84 | 2.897 9 54.97 1.669 4
19.82 | 4.476 12 3244 | 2.758 5 5537 1.658 3
19.98 4.44 13 3424 | 2.617 5 59.94 1.542 6
2090 | 4.247 23 34.60 2.59 6 61.84 1.499 4
2132 | 4.164 7 34.76 | 2.579 10 62.07 1.494 2
22.00 | 4.037 5 35.04 | 2.559 9 62.21 1.491 4
23.64 | 3.761 19 35.18 2.549 8 62.45 1.486 3
2438 | 3.648 6 3539 | 2,534 7 67.81 1.381 5
24.72 | 3.599 2 36.04 249 4 68.20 1.374 7
25.80 3.45 10 36.57 | 2.455 10 68.37 1.371 4
26.68 | 3.339 100 38.44 234 5 68.54 1.368 2
27.12 | 3.285 8 39.53 2.278 9

27.26 | 3.269 18 4034 | 2234 21

27.44 | 3.248 20 41.68 | 2.165 6

27.74 | 3.213 22 42.51 2.125 7

28.04 3.18 32 45.84 1.978 6
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Table A16- Peak list for Philippi sample PH-4 400-430 (EEM-17)

2-theta d- relative 2-theta d- relative 2-theta d- relative
angle |spacing| intensity angle [spacing| intensity angle |(spacing| intensity
(degrees) (degrees) (degrees)

8.90 9.928 11 25.82 3.448 18 35.42 2.532 10
12.46 7.098 12 26.34 3.381 9 35.60 2.52 9
13.60 6.506 5 26.70 3.336 100 35.80 2.506 7
13.78 6.421 6 26.86 3.317 22 36.00 2.493 5
16.02 5.528 8 27.14 3.283 16 36.57 2.455 9
16.18 5.474 11 27.36 3.257 42 38.99 2.308 7
16.36 5414 10 27.48 3.243 36 41.75 2.162 5
19.82 4.476 13 27.76 3.211 43 4234 2.133 6
20.04 4.427 20 28.00 3.184 20 42.51 2.125 8
20.28 4.375 12 28.06 3.177 30 42.65 2.118 9
20.92 4.243 31 28.74 3.104 7 50.23 1.815 17
21.26 4.176 11 29.30 3.046 5 50.83 1.795 7
2146 | 4.137 10 29.58 3.018 6 51.01 1.789 7
2194 | 4.048 10 29.86 2.99 12 60.03 1.54 10
22.06 4.026 12 30.02 2.974 12 61.30 1.511 7
2248 3.952 9 30.34 2.944 10 62.12 1.493 10
22.60 3.931 9 30.52 2.927 10 62.40 1.487 9
23.00 3.864 9 30.82 2.899 12 6797 1.378 5
23.28 3.818 8 30.90 2.892 9 68.25 1.373 6
23.66 3.757 28 32.46 2.756 10 68.42 1.37 4
24.30 3.66 12 34.49 2.598 7

24.44 3.639 12 34.78 2.577 12

24.66 3.607 10 34,98 2.563 17

25.56 3.482 7 35.12 2.553 21
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Figure A17 — X-ray diffraction pattern of Myrt66n sample MYR 18/12 (EEM-50)
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Figure A18 — X-ray diffraction pattern of Myrt66n sample MYR 18/13 (EEM-53)
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Table A17 — Peak list for Myrt66n sample MYR 18/12 (EEM-50)

2-theta d- relative 2-theta d- relative 2-theta d- relative

angle |spacing| intensity angle |spacing| intensity angle |spacing| intensity
(degrees) (degrees) (degrees)

6.34 13.93 4 30.60 | 2919 1 55.95 1.642 I
9.02 9.796 6 31.10 | 2.873 1 56.44 1.629 1
12.64 | 6.998 7 31.40 | 2.847 2 60.07 1.539 8
14.02 | 6312 1 33.17 | 2.699 1 61.75 1.501 2
1796 | 4.935 1 34.66 | 2.586 2 62.03 1.495 1
1894 | 4.682 I 35.09 | 2.555 4 64.18 1.45 1
19.96 | 4.445 4 36.68 | 2.448 7 67.86 1.38 3
21.00 | 4.227 19 3722 | 2414 1 68.25 1.373 5
22.18 | 4.005 5 37.64 | 2.388 1 68.37 1.371 3
23.08 3.85 1 37.78 | 2.379 2 73.60 1.286 1
23.70 | 3.751 2 39.62 | 2.273 5 75.73 1.255 |
2442 | 3.642 2 40.42 2.23 2

25.16 | 3.537 1 40.87 | 2.206 1

2530 | 3.517 6 42.57 | 2.122 5

25.66 | 3.469 2 45.16 | 2.006 1

26.78 | 3.326 100 4543 1.995 1

26.96 | 3.305 14 45.69 1.984 2

27.66 | 3.222 2 4591 1.975 3

28.06 | 3.177 16 50.29 1.813 9

28.60 | 3.119 2 55.01 1.668 3

30.00 | 2976 2 55.48 1.655 1
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Table A18 — Peak list for Myrt56n sample MYR 18/13 (EEM-53)

2-theta d- relative 2-theta d- relative 2-theta d- relative
angle |spacing| intensity angle |spacing! intensity angle |spacing| intensity
(degrees) (degrees) (degrees)

6.32 13.97 4 28.70 | 3.108 2 45.43 1.995 2
9.08 9.732 5 30.10 | 2.967 3 45.67 1.985 2
12.68 6.976 6 30.66 | 2914 1 4591 1.975 5
14.12 | 6.267 1 31.06 | 2.877 4 50.29 1.813 14
17.98 493 1 31.50 | 2.838 2 55.04 1.667 4
1898 | 4.672 1 31.76 | 2.815 2 55.37 1.658 2
19.98 4.44 8 3220 | 2.778 1 55.95 1.642 1
20.40 435 2 3236 | 2.764 I 56.52 1.627 I
21.04 | 4219 18 33.25 | 2.692 1 60.11 1.538 10
22.22 | 3.998 6 34.70 | 2.583 4 61.66 1.503 4
23.04 | 3.857 1 35.07 | 2.557 8 61.89 1.498 2
23.76 | 3.742 1 35.19 | 2.548 7 64.23 1.449 1
23.88 | 3.723 2 3550 | 2.527 2 67.92 1.379 6
24.48 | 3.633 3 36.03 2.491 1 68.31 1.372 16
25.18 | 3.534 3 36.28 | 2474 1 69.70 1.348 1
25.34 | 3512 4 36.74 | 2444 9 72.80 1.298 1
25.70 | 3.464 4 37.78 | 2.379 3 73.60 1.286 2
26.84 | 3319 100 39.66 | 2.271 5 75.80 1.254 3
27.04 | 3.295 10 4043 | 2.229 2 77.85 1.226 3
27.70 | 3.218 3 42.61 2.12 7

28.08 | 3.175 14 4521 2.004 1
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Figure A19 — X-ray diffraction pattern of Myrt66n sample MYR 20/1 (EEM-56)
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Figure A20 — X-ray diffracttion pattern of Myrt56n sample MYR 20/2 (EEM-48)
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Table A19 — Peak list for Myrt56n sample MYR 20/1 (EEM-56)
2-theta d- relative 2-theta d- relative 2-theta d- relative
angle |spacing| intensity angle |[spacing| intensity angle |spacing| intensity
(degrees) (degrees) (degrees)
6.42 13.76 2 2998 | 2978 4 60.03 1.54 8
9.00 9.818 5 30.60 | 2919 2 61.66 1.503 1
12.60 7.02 6 30.76 | 2.904 1 61.84 1.499 2
15.96 5.549 1 31.32 2.854 2 62.12 1.493 1
17.92 4946 1 3462 2.589 3 64.13 1.451 1
19.92 | 4.454 7 3480 | 2.576 3 67.81 1.381 4
2098 | 4.231 18 35.04 | 2.559 7 68.25 1.373 4
22.12 | 4.015 3 36.67 | 2.449 6 75.73 1.255 I
23.12 | 3.844 1 37.74 | 2.382 1
23.66 | 3.757 3 39.56 | 2.276 6
2446 | 3.636 4 4038 | 2.232 2
25.28 3.52 4 42.57 | 2.122 8
25.62 | 3474 2 45.00 | 2.013 1
26.10 | 3.411 1 45.33 1.999 1
26.74 | 3.331 100 45.84 1.978 3
2692 | 3.309 11 50.23 1.815 10
28.02 | 3.182 13 55.01 1.668 2
28.28 | 3.153 8 55.44 1.656 1
Table A20 — Peak list for Myrt66n sample MYR 20/2 (EEM-48)
2-theta d- relative 2-theta d- relative 2-theta d- relative
angle |spacing| intensity angle |spacing| intensity angle |spacing| intensity
(degrees) (degrees) (degrees)
8.90 9.928 5 26.82 | 3.321 17 45.62 1.987 3
12.50 7.076 6 2746 | 3.245 16 45.81 1.979 3
13.64 | 6.487 1 27.74 | 3.213 20 50.17 1.817 9
15.88 | 5.576 6 2994 | 2.982 9 50.98 1.79 3
17.82 | 4973 1 30.60 2919 11 59.98 1.541 7
19.86 | 4.467 6 3497 2.564 9 61.84 1.499 2
2090 | 4.247 19 36.57 2.455 7 67.75 1.382 4
23.70 | 3.751 16 39.47 | 2.281 6 68.20 1.374 3
2438 | 3.648 4 41.58 2.17 2 68.37 1.371 5
26.04 | 3.419 11 41.70 | 2.164 3
26.68 | 3.339 100 42.51 2.125 9
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Figure A21 — X-ray diffraction pattern of Myrt66n sample MYR 20/3 (EEM-60)
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Figure A22 — X-ray diffraction pattern of Myrt66n sample MYR 37/1 (EEM-61)
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Table A21 — Peak list for Myrt66n sam;

ple MYR 20/3 (EEM-60)

2-theta d- relative 2-theta d- relative 2-theta d- relative
angle {spacing| intensity angle |spacing{ intensity angle ([spacing| intensity
(degrees) (degrees) (degrees)

6.40 13.8 3 28.04 3.18 12 50.26 1.814 15
9.00 9.818 6 2998 | 2.978 2 50.83 1.795 1
10.62 | 8.324 1 30.60 | 2.919 1 51.25 1.781 1
12.62 | 7.009 6 31.08 | 2.875 2 52.72 1.735 1
14.00 | 6.321 1 3138 | 2.848 2 53.41 1.714 3
1794 494 3 31.68 | 2.822 i 54.97 1.669 3
18.92 | 4.687 1 3228 | 2.771 I 55.15 1.664 I
19.94 | 4.449 4 33.22 | 2.695 1 55.51 1.654 1
20.98 | 4.231 18 3465 | 2.587 2 60.07 1.539 9
2220 | 4.001 8 35.18 | 2.549 5 61.62 1.504 3
23.04 | 3.857 1 36.68 | 2.448 9 64.13 1.451 1
23.68 | 3.754 1 37.56 | 2.393 1 67.86 1.38 4
2394 | 3.714 1 37.75 | 2.381 2 68.25 1.373 5
2440 | 3.645 2 39.60 | 2.274 6 73.53 1.287 I
25.04 | 3.553 I 40.42 2.23 3 74.13 1.278 1
25.28 3.52 5 42.57 | 2.122 5 75.73 1.255 2
25.66 | 3.469 2 45.21 2.004 1 77.77 1.227 I
26.76 | 3.329 100 45.59 1.988 3

2694 | 3.307 16 4591 1.975 4
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Table A22 — Peak list for Myrt66n sample MYR 37/1 (EEM-61)

2-theta d- relative 2-theta d- relative 2-theta d- relative
angle |spacing| intensity angle |[spacing| intensity angle |[spacing| intensity
(degrees) (degrees) (degrees)
6.34 13.93 6 26.16 | 3.404 1 40.36 | 2.233 4
8.96 9.862 8 26.76 | 3.329 100 42.55 | 2.123 8
12.56 | 7.042 7 2690 | 3312 20 45.26 | 2.002 2
17.90 | 4.951 2 2764 | 3.225 8 45.55 1.99 2
1890 | 4.692 1 27.86 32 17 45.89 1.976 7
1992 | 4.454 14 28.00 | 3.184 17 50.23 1.815 18
20.94 | 4239 29 30.00 | 2.976 4 54.97 1.669 4
22.10 | 4.019 9 31.34 | 2.852 2 55.37 1.658 2
23.06 | 3.854 1 32.18 | 2.779 1 60.03 1.54 10
23.62 | 3.764 3 33.17 | 2.699 1 61.66 1.503 4
23.72 | 3.748 5 34.60 2.59 8 61.94 1.497 3
24.46 | 3.636 2 35.04 | 2.559 11 64.13 1.451 1
24.92 3.57 2 36.63 2451 14 67.81 1.381 8
2526 | 3.523 5 37.64 | 2.388 3 68.20 1.374 7
25.62 | 3.474 4 37.87 | 2.374 3 68.42 1.37 5
25.76 | 3.456 2 39.55 | 2.277 9 73.53 1.287 4
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Figure A23 — X-ray diffraction pattern of Myrt56n sample MYR 39/1 (EEM-63)
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Figure A24 — X-ray diffraction pattern of Myrt56n sample MYR 39/2 (EEM-64)
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Table A23 — Peak list for Myrtdon sample MYR 39/1 (EEM-63)

2-theta d- relative 2-theta d- relative 2-theta d- relative
angle |spacing| intensity angle |[spacing| intensity angle [spacing| intensity
(degrees) (degrees) (degrees)
6.32 13.97 7 27.66 | 3.222 3 45.23 | 2.003 1
8.96 9.862 8 2798 | 3.186 12 45.74 1.982 3
10.58 | 8.355 1 28.64 | 3.114 1 45.84 1.978 4
12.56 | 7.042 12 29.96 2.98 4 48.24 1.885 1
17.90 | 4951 3 30.56 | 2923 2 48.43 1.878 1
18.86 | 4.701 3 31.02 | 2.881 2 50.23 1.815 10
19.88 | 4.462 7 3134 | 2.852 2 54.94 1.67 3
2094 | 4.239 16 31.66 | 2.824 1 55.37 1.658 2
21.74 | 4.085 1 32.16 | 2.781 2 5599 1.641 1
22.10 | 4.019 4 33.12 | 2.703 1 60.03 1.54 7
22.96 3.87 1 34.67 | 2.585 4 61.57 1.505 3
23.66 | 3.757 3 3499 | 2.562 6 61.80 1.5 1
2440 | 3.645 3 36.62 | 2452 7 62.26 1.49 1
25.02 | 3.556 3 3752 | 2395 1 64.13 1.451 1
2522 | 3.528 9 3770 | 2.384 3 67.81 1.381 4
25.56 | 3.482 4 39.55 | 2.277 ) 68.20 1.374 6
26.72 | 3.334 100 4036 | 2.233 2 75.73 1.255 2
2690 | 3312 17 42.53 | 2.124 6
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Table A24 — Peak list for Myrt&on sample MYR 39/2 (EEM-64)

2-theta d- relative 2-theta d- relative 2-theta d- relative
angle |spacing| intensity angle |spacing| intensity angle |spacing| intensity
(degrees) (degrees) (degrees)

6.36 13.89 10 -26.82 3.321 100 39.64 2272 5
9.06 9.753 14 26.98 3.302 26 4045 2.228 3
10.68 8.277 1 27.64 3.225 3 42.59 2.121 5
12.66 6.987 18 27.98 3.186 14 45.16 2.006 I
14.04 6.303 1 28.50 3.129 3 45.74 1.982 5
1798 493 6 28.64 | 3.114 2 4591 1.975 5
1896 | 4.677 6 30.02 2974 4 48.32 1.882 8
1996 4.445 6 31.14 2.87 2 50.29 1.813 10
21.02 | 4.223 19 31.42 2.845 3 55.01 1.668 2
2220 | 4.001 4 31.72 2.819 2 55.44 1.656 1
23.02 3.86 1 3230 2.769 1 5595 1.642 1
23.16 3.837 1 34.70 2.583 3 60.11 1.538 10
23.74 | 3.745 4 35.08 2.556 5 61.66 1.503 2
2444 | 3.639 2 35.18 2.549 5 64.18 1.45 1
25.12 3.542 5 36.16 | 2.482 1 67.86 1.38 4
2532 3.515 13 36.70 2.447 7 68.25 1.373 4
25.66 3.469 4 37.90 2372 1 75.80 1.254 1
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Figure A2S — X-ray diffraction pattern of Myrt66n sample MYR 40/2 (EEM-40)
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Figure A26 — X-ray diffraction pattern of Myrt56n sample MYR 40/7 (EEM-44)
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Table A25 — Peak list for Myrt56n sample MYR 40/2 (EEM-40)

2-theta d- relative 2-theta d- relative 2-theta d- relative
angle [spacing| intensity angle |spacing| intensity angle [spacing| intensity
(degrees) (degrees) (degrees)
6.36 13.89 8 30.00 | 2976 5 45.33 1.999 2
9.00 9.818 8 3036 | 2942 1 45.62 1.987 4
12.58 7.031 13 3065 | 2915 1 4591 1.975 5
14.00 6.321 1 31.02 | 2.881 2 48.27 1.884 1
17.98 493 3 3140 | 2.847 2 50.26 1.814 12
18.88 | 4.697 3 31.64 | 2.826 2 50.76 1.797 1
1994 | 4.449 8 32.16 | 2.781 2 54.97 1.669 3
21.04 | 4219 12 33.17 | 2.699 1 55.26 1.661 1
22.14 | 4.012 4 34.65 | 2.587 S 55.48 1.655 2
22.98 | 3.867 2 35.04 | 2.559 7 55.95 1.642 2
23.74 | 3.745 1 35.83 | 2,504 1 60.07 1.539 9
2446 | 3.636 2 36.68 | 2.448 8 61.71 1.502 3
25.02 | 3.556 5 37.80 | 2378 3 62.12 1.493 2
2524 | 3.526 11 38.59 | 2331 1 64.13 1.451 1
25.58 3.48 4 39.58 [ 2275 5 67.86 1.38 4
26.76 | 3.329 100 40.40 | 2.231 3 68.25 1.373 6
28.04 3.18 12 4140 | 2.179 1 69.58 1.35 1
28.44 | 3.136 2 69.58 1.35 1 75.73 1.255 1
30.00 | 2976 5 42.57 | 2.122 7
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Table A26 — Peak list for Myrt66n sample MYR 40/7 (EEM-44)

2-theta d- relative 2-theta d- relative 2-theta d- relative
angle |[spacing| intensity angle |spacing| intensity angle [spacing| intensity
(degrees) (degrees) (degrees)

6.24 14.15 7 2796 | 3.189 11 45.47 1.993 3
8.88 9.95 9 29.88 | 2.988 3 45.79 1.98 4
1048 | 8.434 1 30.50 | 2929 1 4731 1.92 1
1248 | 7.087 11 30.96 | 2.886 3 50.17 1.817 11
13.84 | 6.393 1 31.26 | 2.859 2 54.87 1.672 4
17.82 | 4973 4 31.56 | 2.833 1 55.33 1.659 1
18.78 | 4.721 3 32.10 | 2.786 1 55.84 1.645 1
19.84 | 4471 6 33.04 | 2.709 1 59.98 [.541 7
20.86 | 4.255 17 3445 | 2.601 3 61.57 1.505 2
22.02 | 4.033 3 3458 | 2.592 3 64.08 1.452 1
22.90 3.88 1 3497 | 2.564 5 67.75 1.382 3
23.02 3.86 I 36.06 | 2.489 1 68.14 1.375 )
23.60 | 3.767 2 36.56 | 2456 7 69.52 1.351 1
2428 | 3.663 1 3739 | 2.403 1 73.46 1.288 1
2494 | 3.567 4 37.65 | 2.387 2 75.66 1.256 2
25.16 | 3.537 9 3947 | 2.281 6 77.62 1.229 1
25.50 3.49 3 40.30 | 2.236 3

25.76 | 3.456 2 4121 | 2.189 1

26.66 | 3.341 100 4129 | 2.185 1

2684 | 3319 17 4246 | 2.127 6

27.52 | 3.239 3 4495 | 2.015 1
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Table A27 — Major-element composition of Philippi sample PH-1 358-362

Core PH1 358-362 (UT)
Line # 90
SiO, 72.02
TiO, 0.45
AlLO4 14.24
FeO 3.03
MgO 0.39
CaO 1.80
NaZO 4.91
KxO 2.78
Total 99.63

Table A28 — Major-element composition of Philippi sample PH-1 447-450

Core PH1 447-450 (MT)

Line # 81 82 83 84 85 86 87 88 89 Average |
SiO, 7225 71.82 7217 7208 7210 71.73 7171 7184 7182 71.95
TiO, 042 046 047 045 043 045 041 047 047 0.45
Al;O3 14.15 1439 1431 1429 1433 1439 1428 1425 14.36 14.31
FeO 312 307 313 315 310 321 315 3.17 323 3.15
MgO 042 042 040 041 036 040 041 042 045 0.41
CaO 175 166 166 166 160 174 168 167 166 1.67
Na;O 475 508 497 495 501 508 531 500 501 5.02
K20 274 268 268 255 267 265 266 273 263 2.66
Total 89.61 99.57 99.79 99.54 99.60 9965 99.61 99.55 9962 99.62

Table A29 — Major-element composition of Philippi sample PH-1 630-640

Core PH1 630-640 (LT)

Line # 131 138 139 140 141 142 143 144 145_Average

SiO; 61.07 6422 6440 60.58 5999 6016 6033 6005 59.85 61.18
TiO; 0.38 0.04 0.01 0.40 0.44 0.41 0.41 0.42 0.44 0.33
Al,O4 1949 1985 19.19 1960 1940 1930 1952 1912 19.33 19.42
FeO 3.19 0.30 0.13 3.15 3.1 3.09 3.18 3.05 3.12 248
MgO 0.36 0.13 0.00 0.34 0.35 0.35 0.32 0.33 0.34 0.28
CaO 1.82 0.16 0.24 1.73 1.80 1.77 1.75 1.73 1.73 1.41
Na.0 6.46 273 2.41 6.74 7.08 7.20 6.98 7.18 7.18 6.00
K0 596 1232 1325 6.18 6.56 6.45 6.16 6.79 6.78 7.83
Total 9872 9975 99.62 9872 9873 9873 0866 9866 98.78 98.93
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Table A30 — Major-element composition of Philippi sample PH-1 660-680

Core PH1 660-680 (LT)

Line# 77 78 79 80 Average
SiO, 61.33 6144 6155 6128 61.40
TiO, 0.44 0.43 0.43 044 0.43

Al;O4 1865 1869 1842 18.69 18.61
FeO 2.95 3.03 2.99 2.89 2.97
MgOo 0.31 0.32 0.32 0.33 0.32
Cao 1.74 1.71 1.69 1.70 1.71
Na;O 6.85 6.71 6.80 6.80 6.79
K0 6.75 6.60 6.72 6.79 6.72
Total 99.02 9893 9892 98.92 98.95

Table A31 — Major-clement composition of Philippi sample PH-2 487-490

Core PH2 487490 (UT)

Line # 11 12 13 14 15 16 17 19 20
Si02 7140 71589 7132 7111 7082 7183 7167 71.61 71.71
Ti02 0.50 0.45 0.46 0.53 0.52 0.43 0.43 0.48 0.46
Al203 1426 1435 1448 1453 1443 1427 1423 1425 14.19
FeO 3.28 3.18 3.16 3.26 3.32 3.1 3.22 3.21 3.13
MgO 0.43 0.44 0.43 0.45 0.45 0.42 0.41 0.41 0.42
Ca0o 1.64 1.72 1.86 1.73 1.74 1.57 1.70 1.75 1.72
Na20 5.28 5.12 5.13 5.12 555 5.26 5.29 5.14 5.21
K20 275 2.71 275 2.87 2.73 2.69 2.60 2.71 2.76
Total 99.55 9955 9959 9961 9956 9956 99.56 99.56 99.59
Core PH2 487490 (UT) Continued

Line # 21 22 23 24 25 27 28 29 31 __Average|
Si02 71.66 7182 7171 7189 7194 7174 7185 7195 7156 71.62
Ti02 0.43 0.46 0.40 0.46 0.47 0.43 0.44 0.44 0.48 0.46
Al203 14.17 1442 1437 1442 1446 1432 1440 1438 1435 14.35
FeO 324 3.16 3.10 3.17 3.10 3.15 3.10 3.08 3.12 3.17
MgO 0.40 0.40 0.42 0.41 0.42 0.42 0.42 0.40 0.41 0.42
Ca0o 1.70 1.66 1.65 1.70 1.63 1.65 1.71 1.63 1.64 1.69
Na20 526 5.02 5.23 4.85 4.87 522 5.08 5.08 5.29 5.17
K20 273 267 2.73 2.70 275 2.65 2.63 2.68 2.71 2.71
Total 99.59 99.60 9960 99.61 99.63 99.57 99.63 9963 09.57 99.59
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Table A32 — Major-element composition of Philippi sample PH-2 528-530

Core PH2 528-530 (MT)
Line#| 32 33 34 35 36 37 38 40 41 42 43 44 45 46 Ave.
SiO; [71.82 71.89 71.73 70.35 7163 71.80 71.94 71.86 71.91 72.14 71.85 71.88 71.27 72.03 71.72
TiO, | 045 039 049 049 044 041 047 045 045 048 044 042 057 044 046
AlZOy | 14.34 1432 14.38 14.18 14.44 1430 14.28 14.31 1433 1423 1426 14.39 14.08 14.35 14.30
FeO | 3.3 321 313 426 3.13 311 311 313 308 3.00 3.19 3.16 3.87 306 326
MgO | 041 042 043 040 042 039 040 039 040 040 041 040 039 041 041
CaO | 172 162 177 203 1.63 166 163 161 173 173 177 167 166 165 1.71
Na;O | 492 512 501 507 525 518 523 506 506 4.84 498 488 502 499 504
KO | 268 266 263 274 266 269 254 278 270 279 267 280 275 269 270
Total | 99.47 99.61 99.57 99.53 99.61 99.54 99.61 99.58 99.65 99.62 99.57 99.60 99.62 99.62 99.59
Table A33 — Major-element composition of Philippi sample PH-2 830-840

Core PH2 830-840 (LT)

Line # 47 48 49 50 51 52 53 54 55
Si02 6135 6140 61.32 6298 6154 6164 6167 61.39 61.52
Tio2 043 044 040 0.38 0.41 0.42 0.43 0.40 0.41
Al203 18.53 1861 1867 1820 1853 18.58 1851 18.54 18.55
FeO 305 299 304 276 286 297 296 3.02 2.98
MgO 0.32 0.33 0.30 0.41 0.31 0.30 0.34 0.32 0.34
CaoO 1.74 1.71 1.68 1.80 1.58 1.64 1.65 1.65 1.70
Na20 6.70 6.94 6.96 6.04 6.91 6.84 6.96 6.89 6.88
K20 6.86 6.57 6.56 6.82 6.73 6.53 6.38 6.69 6.54
Total 98.99 98.99 98.93 99.38 98.93 98.92 98.90 98.89 98.92
Core PH2 830-840 (L.T) Continued

Line # 56 57 58 59 60 61 62 AVERAGE
Sio2 61.57 62.00 61.59 6178 6155 6135 61.58 61.64
TiO2 042  0.41 0.44 040 039 041 0.40 0.41
Al203 1860 17.87 1849 1851 1843 1862 18.62 18.49
FeQ 3.02 3.05 3.00 2.95 3.02 2.98 2.92 297
MgO 0.31 0.35 0.32 0.32 0.32 0.32 0.32 0.33
CaO 1.62 1.66 1.68 172 1.64 1.67 1.70 1.68
Na20 6.92 6.76 6.90 6.55 711 6.57 6.83 6.80
K20 6.54 6.80 6.54 6.62 6.44 7.10 6.62 6.65
Total 99.00 98.91 98.97 98.84 9890 99.02 98.98 98.97
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Table A34 — Major-element composition of Philippi sample PH-2 840-855

Core PH2 840-855 (LT)

Line # 68 69 71 72  AVERAGE
SiO, 61.51 6145 6198 61.61 61.64
TiO, 043 040 037 0.41 0.40
AlLO; 18.58 1861 18.54 18.49 18.55
FeO 3.00 285 3.01 298 2.99
MgO 0.32 0.31 0.35 0.33 0.33
Cao 162 1.70 1.62 1.72 167
Na.O 692 674 6.38 6.77 6.70
KO 654 686 684 6.59 6.71
Total 98.94 99.02 99.09 98.89 98.99

Table A35 — Major-element composition of Philippi sample PH-3 305-309

Core PH3 305-309 (MT)

Line # 74 75 76 AVERAGE
SiO, 7209 7166 71.78 71.84
TiO, 0.41 0.48 0.47 0.45
Al;O3 1417 1427 14.35 14.27
FeQ 3.12 3.11 3.15 3.13
MgO 0.40 0.42 0.42 0.41
CaO 1.64 1.70 1.74 1.69
Na,O 511 5.23 5.00 5.11
K,O 2.68 2.70 2.66 2.68
Total 99.61 99.57 99.59 99.59

Table A36 — Major-element composition of Philippi sample PH-3 565-570

Core PH3 665-570 (LT)

Line # 2 3 4 5 AVERAGE
SiO, 60.92 61.20 61.03 61.36 61.13
TiO2 046 044 042 0.40 0.43
AlLO; 18.61 18.83 1869 1864 18.69
FeO 3.00 297 310 296 3.01
MgO 033 032 0.33 0.32 0.33
CaO 1.76 1.68 1.73 1.67 1.71
Na,O 7.01 6.83 694 679 6.90
KO 6.84 663 660 6.88 6.74
Total 98.93 98.91 98.84 99.02 98.93
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Table A37 — Major-element composition of Philippi sample PH-3 570-595

Core PH3 §70-585 (LT)

Line # 6 9 AVERAGE
SiO, 61.39 61.36 61.37
TiO, 047 041 0.44
AlO, 18.67 18.76 18.72
FeO 295 296 2.96
MgO 035 034 0.34
CaO 172 171 1.72
NaO 6.10 6.22 6.16
KO 7.38 7.23 7.30
Total 99.04 98.99 99.01

Table A38 — Major-element composition of Myrt66n sample MYR 18/12

Core MYR 18/12

Line # 91
SiO, 72.15
TiO, 0.50
Al;O3 14.07
FeO 3.10
MgO 0.41
CaO 1.63
Na,O 5.00
KO 274
Total 99.60

Table A39 — Major-element composition of Myrtoén sample MYR 18/13

Core MYR 18/13

Line # 27 28 29 30 31 32 34 35 AVERAGE
SiO, 71.09 7121 71.19 70.97 125 71.50 70.89 71.07 71.15
TiO, 047 044 0.48 0.51 0.47 0.47 044 045 0.47
Al O, 1457 1455 1464 1482 1449 1474 1484 1484 14.69
FeO 3.35 3.35 3.35 3.38 3.46 3.34 3.45 3.38 3.38
MgO 0.44 0.44 0.41 044 045 0.44 0.45 0.43 0.44
CaO 1.76 1.76 1.72 1.77 1.74 1.78 1.82 1.77 1.77
Na,O 5.24 5.08 4.95 4.93 5.00 4.58 495 482 4.94
K.O 2.63 2.62 2.71 269 260 2.70 268 268 2.66
Total 99.54 9945 9947 09952 9946 9955 0951 9944 99.49
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Table A40 — Major-element composition of Myrt66n sample MYR 20/1

Core MYR 20/1

Line # 92 93 94 95 96 97 98 99 116 AVERAGE
SiO, 6190 61.36 6245 61.70 6157 6082 61.72 61.38 6167 61.62
TiO2 0.38 0.43 0.39 0.42 042 0.41 0.43 0.43 0.44 0.42
Al,O4 18.34 1853 18.33 1856 1853 1858 1856 1861 18.56 18.51
FeO 3.31 3.03 272 291 2.90 2.91 2.98 3.03 2.93 2.97
MgO 064 0.31 0.40 0.32 0.35 0.32 0.33 0.32 0.31 0.37
Ca0o 2.44 1.72 1.69 1.60 1.63 1.71 1.64 1.76 1.62 1.76
Na,O 436 6.95 6.06 6.77 6.77 7.02 6.82 6.79 6.79 6.48
KO 8.14 668 7.23 6.59 6.76 7.00 6.48 6.58 6.65 6.90
Total 99.51 99.00 99.27 98.88 98.95 98.78 98.96 9880 9896 99.02

Table A41 — Major-element composition of Myrtéén sample MYR 20/2

Core MYR 20/2

Line # 100 101 AVERAGE
SiO,; 61.70 61.84 61.82
TiO, 0.40 0.47 0.44
Al,O3 18.55 18.61 18.58
FeO 3.02 290 2.96
MgO 0.32 0.33 0.33
CaO 1.64 1.61 1.62
Na;O 6.84 646 6.65
K,O 6.40 6.57 6.48
Total 98.87 98.90 98.88

Table A42 — Major-element composition of Myrté6n sample MYR 20/3

Core MYR 20/3

Line # 112 113 AVERAGE
SiO, 61.15 63.03 62.09
TiO, 0.41 0.36 0.38
Al,O5 18.50 1848 18.49
FeO 2.95 2.82 2.89
MgO 0.32 045 0.39
CaO 1.76 1.88 1.82
Na;O 6.31 493 562
K0 7.48 7.50 7.49
Total 98.89 99.45 99.17
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Table A43 — Major-element composition of Myrt66n sample MYR 37/1

Core MYR 37/1

Line # 12 13] AVERAGE
Si02 59.71 59.58 59.64
TiO2 0.39 0.44 0.42
Al203 19.51 19.74 19.63
FeO 2.99 3.09 3.04
MgO 0.33 0.37 0.35
Calo 1.69 1.68 1.68
Na20 7.75 7.67 7.71
K20 6.54 6.22 6.38
Total 98.91 98.79 98.85

Table A44 — Major-element composition of Myrt66n sample MYR 37/5

Core MYR 37/5

Line # 108 109 110 111 AVERAGE
SiO, 61.54 6162 6147 61.97 61.65
TiO, 0.43 0.38 0.43 0.39 0.41
Al,O4 18.63 18.54 1850 18.53 18.53
FeO 2.95 2.92 2.99 2.90 2.94
MgO 0.31 0.31 0.34 0.31 0.32
Ca0O 1.61 1.64 1.69 1.58 1.63
Na,O 6.26 6.96 6.92 6.65 6.70
K,O 7.39 6.46 6.60 6.60 6.76
Total 99.02 98.84 9893 9893 98.93

Table A45 — Major-element composition of Myrts6n sample MYR 39/2

Core MYR 39/2

Line # 104 105 106 107 117 AVERAGE
SiO; 7421 7461 7425 74.09 7420 74.27
TiO, 029 028 030 030 0.27 0.29
Al,O5 13.77 13.72 13.73 13.86 13.85 13.78
FeO 2.08 2.11 207 204 210 2.08
MgO 0.30 030 029 029 0.29 0.29
CaO 142 1.37 141 1.3 140 1.40
Na,O 446 400 441 454 442 4.36
K0 3.06 3.17 3.11 3.08 3.08 3.10
Total 99.68 99.57 99.56 99.58 99.59 99.58
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Table A46 — Major-element composition of Myrt66n sample MYR 40/2

Core MYR 40/2
Line # 102
SiO,; 74.55
TiO, 0.29
AlLbO4 13.72
FeQ 2.10
MgO 0.28
Ca0O 1.39
NazO 421
KO 3.06
Total 99.60

Table A47 — Major-element composition of Myrt66n sample MYR. 40/7

Core MYR 40/7

Line # AVERAGE
Sio,; 60.44 6062 6059 56.14 59.45
TiO, 0.40 0.34 0.51 0.47 0.43
AlLO5 2056 1962 18.94 22.16 20.32
FeO 3.52 3.13 3.57 3.51 343
MgO 0.41 0.58 0.39 0.37 044
CaOo 1.78 1.54 1.56 1.83 1.68
Na,O 4.80 7.10 5.75 7.95 6.40
K;0O 7.21 6.33 7.79 6.59 6.98
Total 99.12 9926 99.10 99.02 99.13
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GLOSSARY ¥

Andesite: a dark-colored, fine-grained extrusive rock that contains phenocrysts
composed primarily of sodic plagioclase and one or more of the mafic minerals (e.g.
biotite, hornblende, pyroxene).

Alkalic: igneous-rock series where the silica percentage is less than 51 and the CaO and
K50 + NayO are equal.

Alkali basalt: a critically silica-undersaturated basalt.

Aegirine-augite: Transitional form of augite towards aegirine (NaFeSi»Og).
Anorthoclase: intermediate member between orthoclase and albite

Apatite: Cas(PO,);(F,C1,OH). Most abundant phosphate in the earth’s crust.

Augite: Ca(Mg,Fe,Al)(Si,Al);O¢. An intermediate member of the Diopside-
Hendenbergite series. Occurs chiefly in volcanic rocks

Basalt: a general term for dark colored mafic igneous rocks.

Biotite: K(Mg,Fe)3;[AlSi3010](OH,F),. Endogenic mineral that is the chief constituent of
many igneous rocks, metamorphic rocks, and pegmatites.

Calc-alkalic: igneous-rock series where the silica percentage is between 56 and 61 and
the CaO and K;0 + Na,O are equal.

Dacite: a fine-grained extrusive rock with the same general composition of andesite but
having more quartz.

Extrusive: igneous rock that has been erupted onto the surface of the Earth.

Hypersthene: (Mg,Fe),Si,0¢. Occurs in basic or ultrabasic igneous rocks.
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Hornblende: NaCa;(Mg,Fe,Al)3(Si,Al)302(OH),. Principal rock-forming mineral in
igneous rocks.

Igneous: rock or mineral that solidified from molten or partly molten material.
K-trachyte: a potassium rich trachyte

Kaolinite: Ai[SisO10](OH)s. Widely distributed product of weathering of aluminosilicate
minerals (chiefly feldspars) under acid conditions.

Lapilli: pyroclastics of a size range whithin the limits of 2 and 64 mm.

Lava: molten extrusive material, and also the rock that solidifies from it.

Mafic: igneous rock composed mainly of one or more ferromagnesian , dark-colored
minerals.

Magma: naturally occurring mobile rock material, generated whithin the Earth from
which igneous rocks are thought to have been derived.

Microcline: KA1Si3Og. A triclinic intermediate of the orthoclase.

Muscovite: KAI>[AlISi;00](OH). The most widespread of the mica minerals. Found as a
rule only in granitic rocks.

Olivine: (Mg,Fe),SiO4. Main constituent of the ultrabasic and basic igneous rocks.
Orthoclase: KAISi;Os. A potassium feldspar that is a principal constituent of acidic
igneous rocks.

Peat: an unconsolidated deposit of semicarbonized plant remains in a water-saturated
environment, such as a bog or a fen. It is considered an early stage in the develeopment
of coal; carbon content is about 60% and oxygen content about 30%.

Peralkalic: igneous rock in which the moloecular pportion of aluminum oxide is less

than that of sodium and ppotassium oxides combined.
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Phenocryst: relatively large, conspicous crystal in finer-grained igneous ground mass.
Plagioclase: a group of feldspars of general formula (Na,Ca)Al(Si,Al)Si;Og that are
among the commonest rock-forming minerals. It form a complete solid solution series
from Albite (NaAlSi3Og), or plagioclase-sodic, to Anorthite (CaAl;Si>0g), or
plagioclase-calcic.

Plinian eruption: explosive eruption in which a steady, turbulent stream of fragmented
magma and magmatic components is released at a high velocity from a vent, with
characteristically large volumes of tephra and tall eruption columns.

Pyroclastic: clastic rock material formed by volcanic explosion or aerial expulsion from
a volcanic vent.

Pyrogenics: said of material that is related to intrusion and extrusion of magma and its
derivatives.

Rhyodacite: a group of extrusive igneous rocks intermediate in composition between
dacite and rhyolite, with quartz, plagioclase, and biotite (or hornblende) as the main
phenocryst minerals, an a fine—grained ground mass composed of alkali feldspars and
silica minerals.

Rhyolite: a group of extrusive igneous rocks with phenocrysts of alkali feldspars and
quartz. It grades into rthyodacite with decreasing alkali feldspar content and into trachyre
with a decrease in quartz.

Sanidine: K(ALSi);O;. A monoclinic member of the orthoclase group

Sphene: CaTiSiOs. Also known as titanite. Very frequent accessory constituent of

intermediate and acid igneous rocks, and analogous metamorphic rocks.
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Strombolian: a type of volcanic eruption characterized by jetting of clots or fountains of
fluid, basaltic lava from a central crater.

Trachybasalt: an extrusive rock intermediate in composition between trachyte and
basalt.

Trachyte: a group of fine-grained extrusive rocks having alkali feldspar and minor mafic
minerals (biotite, hornblende, or pyroxene) as the main components and possible a small
amount of sodic plagioclase.

Tuff: consolidated pyroclastic rocks.

Volcaniclastic: volcanic rock containing volcanic material in whatever proportion, and
without regard to its origin or environment.

Zircon: ZrSiO4. Frequent accessory mineral in acid igneous rocks like granites and

syenites.
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