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ABSTRACT

Mossbauer spectroscopy in the temperature range (295 K - 4.2 K), electron

microprobe, and X-ray diffraction (XRD) measurements have been carried out

for the investigation of a Sudanese meteorite, named New Haifa, from a new

fall. The specimen cefitains well defined chondrules which consist mainly of

radiating orthopyroxene and olivine. The XRD and the microprobe analysis

show the presence of the silicate phases (olivine pnd pyroxene), iron sulphide

(troilite), and Fe-Ni alloys (kamacite and taenite). The olivine appears to have

a constant composition throughout the specimen, whereas pyroxene have a

varying composition and both orthopyroxene (which is the dominant

pyroxene) and clinopyroxene were present. The microprobe trace of Ni

concentration across a kamacite-taenite-kamacite area shows a high Ni

concentration at the interface between kamacite and taenite phases. The room

temperature Mossbauer spectrum is fitted with three sextets and two doublets.

The sextets were assigned to Fe in troilite, kamacite and taenite, and the two

doublets to Fe^+ in olivine and pyroxene (no Fe3+ was found). The Mossbauer

spectrum at 4.2 K shows that olivine, which is paramagnetic at room

temperature, is magnetic showing relaxation effects. The Mossbauer data of

this meteorite confirm it as an ordinary L-type chondrite.
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INTRODUCTION

The recoilless nuclear gamma resonance known as the Mossbauer effect has

been discovered by Rudolf L. Mossbauer in 1957, while he was working for

his Ph D. He not only discovered the effect but also explained it successfully
was

andj[awarded for that the 1961 Nobel Prize. The Mb'ssbauer effect, which

started as a fundamental phenomenon in nuclear physics, has transformed into

a powerful spectrefScopy "Mossbauer Spectroscopy" that found diverse

applications in solid state physics, chemistry, biology, geology, and

archaeology.

Some of the special characteristics of Mossbauer spectroscopy : a)!tis

microscopic and applicable only to few elements with emphasis on 57pe

U"Sn, b)J[simple and cheap instrumentation, c)jeften give unique information.

In this work, the Mossbauer Spectroscopy of 57pe in combination with X-ray

diffraction and electron microprobe analysis has been applied to the field of

mineralogy to investigate and study a recently fallen Sudanese meteorite,

named New Haifa. This meteorite fell on November 8, 1994, at 17:45

local time in New Haifa ( Village No. 19) in the eastern region of Sudan. The

fall of the meteorite was accompanied by an eye-blinking light which was

brighter than the full Moon, and a sound heard before and after the impact at

the ground. The meteorite was fragmented into various sizes ranging from

small chips up to 10 kg.

Chondrites, by far the most abundant type of meteorites, were formed 4.5

billion years ago being very early in the history of our solar system (ZHANG

et al, 1994). The study of chondrites, which chemically resemble the primitive

solar nebular material, can give important information about the early stages

of the solar system.



The basic principle of the electron microprobc analysis is to produce a

focussed electron beam (or probe), which could be used to excite characteristic

X-rays in solid specimens, with sufficient current in the beam to give useful X-

ray intensities. Using electron microprobe chemical analysis can be carried out

non-destructively with a spatial resolution of around 1 jjm (REED, 1993).

The first chapter of this thesis is concerned with the meteorites, their general

characteristics, classification, origin, and why we need the Mossbauer

spectroscopy to study them. In chapter two the basic concepts of the Mossbauer

effect and the hyperfipe interactions are presented. Chapter three is devoted to

the experimental set up and the Mossbauer data analysis, chapter four is

concerned with the experimental resuls and discussion. Finally some

concluding remarks are given in chapter five.

This work has been carried out at institutes of Earth Sciences, and Physics,

Uppsala University during my stay in Sweden for six-months (1995/96) as an

IAEA fellowship holder.



CHAPTER ONE

METEORITES

Meteorites have captured the attention of man throughout his long history on

Earth. They are, before the Apollo mission, the only extraterrestrial matter

available for direct study under laboratory conditions using different

techniques. The main purpose of meteorite research is to learn more about the

origin and evolution of the solar system. They carry information about a wide

variety of solar-system processes (WASSON, 1974). Mossbauer Spectroscopy

is one of the many techniques which have been used successfully for studying

and investigating iron compounds found in meteorites.

1.1 General Characteristics

Our solar system consists of the sun, the planets and their satellites, the

asteroids, the comets and the meteoroids. A mcteoroid is an object in a

heliocentric orbit around the sun such that it can be captured by the earth and,

after undergoing ablation and fragmentaion in the atmosphere, fall to the

earth's surface as a meteorite.

All meteoroids enter the earth's atmosphere at sneeds of 11 to 30 km per

second (DODD, 1986). When meteoroids enter the atmosphere at such high

speeds the smallest of them are heated enough by friction to melt and glow,

producing the streaks of light that we call shooting stars or meteors. The

larger of these meteorites undergo only surface melting forming what is called

fusion crust, which is a characteristic feature of meteorites and helps to

distiguish them from terrestrial rocks.

In their flight through the atmosphere, meteorites may become so heated by

friction that they may explode above the ground. The fragments formed by

these explosions may reach the earth's surface at low velocities. However, the



larger meteorites that reach the earth's surface after a direct flight retain so

much of their kinetic energy that they can enter the ground and explode to

produce craters much larger than themselves.

1.2 Classification and Composition

Meteorites differ widely in composition and mineralogy as well as size. One

important goal of meteorite research is to determine the types of meteorites; a

second is to establish which types are related and how.

Meteorites are classified into three major groups on the basis of their contents

of metallic iron-nickel and silicates (DODD, 1981):

- Iron meteorites

- Stony meteorites

- Stony-iron meteorites

The iron meteorites consist almost entirely of Fe-Ni alloys (or "metal"). At the

opposite extreme, the stony meteorites consist mainly of silicates and contain

little or no metal. The stony meteorites are further divided into chondrites and

achondrites. The stony-irons meteorites contain similar amounts of metal and

silicates.

The chondrites, which take their name from a mm-sized spheroidal objects

(chondrules) that occur in most of them, .'re the most common type of

meteorites. They constitute about 86 % of the meteorite falls (SEARS, 1978).

The chondrulcs seem to be unique to the choir Iritcs meteorites and have never

been observed in terrestrial rocks, hence are probably significant in terms of

the origin of such meteorites (MASON, 1982).

The achondrites contain the same mineral species as the chondrites but in very

different proportions. Also they lack the chondrules. Some achondrites consist



of almost pure pyroxene or olivine.

Taking the meteorites as a whole, the most abundant phases are the olivine

((Mg,Fe)2SiO4), pyroxene ((Mg,Fe)SiO3), Fe-Ni alloys, and troilite (FeS).

1.3 Origin of Meteorites

Regarding the origin of meteorites we shall be concerned mainly with the

chondrites since they are the most abundant, the least differentiated, and possess

the most unique and interesting structure. Also there is a general agreement

that irons, stony-irons, and achondrites are products of intense differentiation

deep within the meteorite parent bodies and piesumably are derivative from

chondrite-like matter (MUELLER and SAXENA, 1977).

The most important and persisting problem in research on chondrites is the

question of the origin of chondrules. No body knows how they originated, but

there are many ideas that have been proposed for their origin (WASSON,

1974, MUELLER and SAXENA, 1977).
s

Some of the minerals found in the meteorites known as carbonaceous

chondrites are solid grains that condensed directly out of the gaseous nebula

that gave birth to the sun and the planets (KNUDSEN, 1989).

1.4 Why We Need 57p e Mossbauer Spectroscopy

Iron is the most abundant heavy metal in the universe. In large quantities, the

iron is spread out among the stars in our galaxy by supernova explosions.

Meteorites contain an appreciable amount of iron. The iron in olivine and

pyroxene grains, which are very common in meteorites, seem to be

inhomogeneously distributed in many meteorites. Such mineral grains

certainly deserve a detailed study using the Mossbauer Spectroscopy of 5



Much of the information obtainable from Mossbauer spectra can not be

obtained using other techniques.

Mossbauer spectra of oxidized meteorites show the advantages of the

Mossbauer Spectroscopy over other techniques both for mineral identification

purposes and quantitative estimation of mineral phases (BANCROFT, 1973).

Both from a meteorite research point of view as well as metallurgical point of

view, iron meteorites and the metal inclusions in chondrites deserve the

attention of the Mossbauer spectroscopist.

KNUDSEN, a prominent meteoriticist and Mossbauer spectroscopist, states

that: each iron compound in our solar system has a story to tell - a story told,

among other ways, through the gentle coupling of the 57pe nuclei to their

surrounding electrons. This coupling can be studied by Mossbaucr

spectroscopy.



CHAPTER TWO

THEORETICAL BACKGROUND

2.1 Line Width

The nuclear (or atomic) energy level is not sharp, but is spread over a certain

energy range. The approximate width of this rpnge can be obtained from

Heisenberg uncertainty principle:

AEAt>ti (2.1)

where AE is the uncertainty in energy, and At is the time interval available to

measure the energy E.

The ground state energy level has an infinite lifetime and hence zero

uncertainty. However, the excited state (of the source) has a mean lifetime X

of a microsecond or less, such that there will be a spread of gamma-ray

energies or energy distribution of width (T = AE) at half maximum where

h (2.2)

or

r = - (2.3)
T

where h is the Planck constant divided by 2K.

The spectral line has Lorentzian or Breit-Wigner form and follows the

relation (MAY, 1971):

/(£) = const X - 1 , (2.4)2 * { $



The mean lifetime T of the excited state governs the width of the relevant

transition line.

2.2 Nuclear Resonance

Consider a radioactive nucleus in an excited state (Ee), defined as a source and

another nucleus of the same species in the ground state (Eg) defined as an

absorber. In the transition from the excited state to the ground state, the source

emits a gamma ray of energy:

E0 = Ee-Eg (2.5)

If this quantum energy passes by the absorber, <t may be totally absorbed by

the absorber nucleus and as the result the absorber is excited to the state with

energy (Ee). This phenomenon is called nuclear resonance absorption of

gamma rays.

The resonance absorption cross-section is described by the Breit-Vigner

formula as a function of energy E, that is

( Z 6 )

where

0 2n2IiAa + \

is the maximum absorption cross-section, Ie and 1 g are nuclear spin quantum

numbers of the excited and the ground states, respectively, A is the wavelength

of the gamma-ray, and a is the internal conversion coefficient.

The absorber nucleus will not stay at the excited state (Er), but will return to

the ground state, after a time T, by emission of a gammn-rny or conversion

electrons over An solid angle. This is called nuclear resonance fluorescence.

8



The phenomena of resonance absorption and resonance fluorescence are shown

in Fig. 2.1 (a).

The above description is not applicable for free or isolated nucleus, since the

free nucleus will recoil when emitting the gamma-ray and this recoiling will

degrade the emitted gamma-ray. Hence, no resonance absorption will occur

for a free nucleus under normal circumstances. To explain this consider a free

nucleus of mass M and moving with velocity Remitting a photon of energy

EY, then it's total energy before the emission is £ 0 +— MV2
X . After

emission the nucleus will recoil, in the opposite c'irection of emission, with
1

velocity v and the total energy of the system is Ey + —M[VX + v).

From conservation of energy, the difference between the transition energy
Eo and the emitted gamma-ray photon Ey is:

'0 ^y — r. M V ' "••- ' xE0-Ey=-Mv'+MvVx (2.8)

where

\EDMvVx (2.9)

are the recoil and Doppler effect energies, respectively.

or

E=E0-ER-ED (2.10)y ~~ ^ o *" R *- D

Therefore the gamma-ray photon is degraded by the recoil energy and the

Doppler effect energy.

From conservation of momentum, the recoil energy is given as

(GREENWOOD and GIBB.1971):



ERK < >
R 2Mc2

where c is the velocity of light.

The Doppler energy is expressed in a more convenient way by (BANCROFT,

1973):

ED=2(EREK)y2 (2.12)

where EK = kBT(kB is the Boltzmann constant and T is the absolute

temperature) is the mean kinetic energy per translational degree of freedom

of a free atom in a gas.
to*-

The recoil effect results in a shift of the emission line from the position Ef,

to smaller energies by an amount ER , but the Doppler effect results in a

thermal broadening of the line.

Fundamental radiation theory tells us that the proportion of absorption is

determined by the overlap between the emission and absorption lines. In our

case the emitted gamma rays have a distribution centred about ( E0-ER ),

while for resonant absorption to take place, fie energy required by the

absorbing nucleus is centred about Ey = E0+Ef. as shown in Fig. 2.Kb).

Therefore, no overlapping between the emission and absorption lines and

hence nuclear resonance absorption is not possible in isolated nuclei.

The nuclear resonance absorption of gamma-r.iys is observed for nuclei

bounded in a solid. In the solid state the chemical binding energies are greater

than the recoil energy ER and therefore the emitting atom cannot be ejected

from its lattice position. So the recoiling mass is now the mass of the whole

crystal and the recoil energy can then be neglected (see Eqs. 2.11). Also the

Doppler energy ED becomes negligible in such a situation, as the rigidly held

10



atom can not undergo random thermal motion. Thus, for a rigidly held atom,

Ey ~ Eo and therefore resonance absorption will occur.

However, the nucleus is not bound rigidly in the lattice, but is free to vibrate.

The Doppler effect can still be neglected since the average velocity of the

vibrations is zero. The vibrational energies in a lattice are comparable to the

recoil energy (BANCROFT, 1973). The recoil energy could then be

transferred to the lattice. According to the Einstein model of a solid, the lattice

energy is quantized such that an energy of 0,±Pico,±2ti(O,±3tiCO,...ctr

is required to excite the lattice. Therefore to excite the lattice ER must be

equal to or greater than Pico, i.e. ER > Pico. For low energy gamma-rays ER is

less than Pico. Hence the lattice will not be excited, the emitting atom

effectively does not recoil, and the whole crystal mass takes up the recoil.

The model tells us that there is a certain probability f that no lattice excitation

(zero-phonon transition) takes place during the gamma-emission or gamma-

absorption process. This probability will vary from solid to solid, and decrease

as Ey increase, f is called the recoil-free fraction and represent the fraction

of nuclear transitions which occur without recoil. This is the principle of the

Mossbauer effect, i.e. the recoilless emission and absorption of gamma-rays.

f can be expressed as (GUTLISH, 1978):

f = exp(-k2(x2)) (2.13)

where k = —- ( X is the wavelength of the gamma-photon) is the propagation

vector and (x2) is the expectation value of the squared vibrational amplitude

of the emitting (or absorbing) nucleus in the solid in the gamma-ray direction.

From the Debye model for solids the following expression for the recoil-free

fraction is obtained (GUTLISH, 1978):

1 1



/=exp
-6E.

ex -
(2.14)

At low temperatures where T((6D the above expression reduces to the

following approximation:

= exp

In the high temperature limit i.e. for T)6D

/ = exp

(2.15)

(2.16)

fcB is the Boltzmann constant and 6D = hcoD/k n is the Debye temperature.

2.3 Hyperfine Interactions

The interaction between the nuclear charge distribution and the extra-nuclear

electric and magnetic fields are called the hyperfine interactions. These

interactions perturb the nuclear energy levels and give rise to the isomer shift,

the quadrupole splitting, and the magnetic Zeeman splitting.

2.3.1 Electric Monopole Interaction

This is the electrostatic Coulomb interaction between the nuclear charge

distribution, which spreads over a finite volume, and the electrons inside the

nuclear region. It causes a shift of nuclear energy levels in a compound

relative to those in the free atom but does not lead to a splitting of the nuclear

energy levels.

The shift in energy in a nuclear level is given by (GUTLISTT, 1978):

(2.17)

1 2



where ( r 2 ) is the expectation value of the square of the nuclear radius,

Z is the atomic number of the Mossbauer atom,

e is the charge on the proton, and

|y(0)| is the electron probability density at the nucleus.

(r2) is different for ground and excited nuclear states. This implies that 8E

will also be different for ground and excited states (Fig. 2.2(a)).

The change in the nuclear transition energy is given by:

2K= 8Ee-SEg=±fZe2\y,(0)\2[(r2)e-(r
?),] (2.18)

where the subscripts e and g refer to the excited and ground nuclear states

respectively.

Assuming spherical symmetry of the nucleus with radius R , we get:

(2.19)

where (r2) = — R2 in spherical coordinates.

The R values are nuclear constants, but the |y/(0)| values will vary from

compound to compound. Therefore, AE will be different for the source and

the absorber.

The isomer shift, 8, relative to the source is defined as:

8 = (AE)a -(AE), = K[\yf(0fa -|y/(0)|*](/?; -R2) (2.20)

where the subscripts a and s refer to the absorber and source respectively,
\n
5

y

Or in it's usual form:

1 3

and K = —Ze2 is a nuclear constant.



= 2KR 2 ̂ -[|iff(0fa -C] (2.21)

where 8R = Re - Rg , and C is a constant characteristic of the source used.

For a given nucleus, 8R/R is constant, so that the isomer shift is directly

proportional to the s-electron density at the nucleus. If 8R/R is positive, a

positive isomer shift implies an increase in s-electron density at the nucleus in

going from source to absorber. If SR/R is negative, the same shift signifies a

decrease in s-electron density (GREENWOOD and GIBB, 1971).

In a Mossbauer experiment the isomer shift is the Doppler velocity which is

imparted to the source to observe the resonance.

Second order Doppler shift: In solids the atoms are vibrating with a

frequency - 1 0 ^ /sec during the lifetime of the excited states (10~5-10" 10 sec),

thus the average velocity is zero and first-order Doppler effect cannot be

expected. However, the average squared velocity of the oscillating atoms,

(v2), causes a shift of the resonance line by a second-order Doppler effect

(GONSER, 1975); i.e.

where c is the velocity of light.

(v2) depends on temperature, pressure, Drbye temperature of the

surrounding matrix, and lattice defects etc.

Centroid Shift: The actual shift observed in a Mossbauer spectrum is the

total centroid shift, CS, which is the sum of the isomer shift and the second

order Doppler shift, that is:

(2.23)

1 4



2.3.2 Electric Quadrupole Interaction

In deriving Eqs. (2.21) for the isomer shift we have assumed that the nucleus

is spherical and has a uniform charge density. Any nucleus with a spin

quantum number (/>l/2) has a non-spherical charge distribution. The

deviation from the sphericity of the nuclear charge distribution is described by

the nuclear quadrupole moment Q , defined by:

(2.24)

where e is the charge of the proton,

pn (r) is the charge density in a volume element dt

z is the axis of the nuclear spin,

r2=x2+y2
+z2

Q is positive for an elongated (cigar-shaped) nucleus, and negative for a

flattened (pancake-shape) one. Q is zero for nue'ei with spherical charge

distribution.

The quadrupole interaction is the electrostatic interaction between the nuclear

quadrupole moment with (I>l/2) and the electric field gradient (EFG) at the

nucleus created by the surrounding electric charges. This interaction is

described by the Hamiltonian (KNUDSEN, 1984):

where
d2V

V iis the electric field gradient tensor such that the trace

of Vjj is zero.

1 5



The above Hamiltonian is expressed in an arbitrary cartesian coordinate

system. We can simplify this Hamiltonian by selecting our symmetry such that
all Vy vanish except Vi( . Hence, only two parameters are needed to describe

Vjj if the principal axes have to be found.

By choosing the principal axis symmetry as OXYZ such that the ordering

\V > V >\V (2 26)

holds, and defining the asymmetry parameter, 77, which describe the departure

from the axial symmetry of the EFG, as:

i.e. 0< 77 < 1

We get the following form for the quadrupole Hami'tonian:

Using raising and lowering operators, we can write the quadrupole

Hamiltonian in the well-known form:

H« " 47(27^1) L37' "7 + 2 ^ + / - ) J (229)

where /+ = Ix ±//v are raising and lowering operators.

Working out the first-order perturbation mat-ix gives the following
A

eigenvalues for the operator HQ:

Eo= Y [ 3 m ; - / ( / +1)1 1 + — (2.30)
Q 4 / ( 2 / - l ) L ' \ 3 )

where m, = / , / - ! , . . . . , - / is the nuclear magnetic spin quantum number.

16



From (2.30) we see that the quadrupole interaction causes a splitting of the

nuclear energy level with (7>l/2), which is (27 + l)-fold degenerate, into

substates \l,±m,) without shifting the centre of gravity.

For 57pe the ground state (7 = 1/2) is unsplit. The excited state (7=3/2) will

split into two sublevels with m} - ±3/2, ±1/2. The energy difference between

the two sublevels (AEQ), is the quadrupole splitting shown in Fig. 2.3(a). The

corresponding Mossbauer spectrum is shown in Fis;. 2.3(b).

2.3.3 Magnetic Hyperfine Interaction

The magnetic Zeeman interaction between the nuclear magnetic dipole moment

JI and the magnetic field 77 at the nucleus is represented by the Hamiltonian:

fi n (2.31)

where gN is the gyromagnetic factor,

efi (M is the mass of the nucleus) is the mclcar mnrnoton, and
2Mc

A

/ is the nuclear spin operator.

Assuming that the direction of the magnetic field defines the principal z axis,

we can write the above Hamiltonian as:

(2.32)

The diagonalized first-order perturbation matrix c'ves the energy eigenvalues

for HM as:

EM=-gN/iNHmI (2.33)

where m, is the magnetic quantum number representing the z component of 7

and runs over (27 + 1) values. Therefore, the ma :nctic interaction splits the

1 7



nuclear state with spin quantum number / into (2/ + 1) non-degenerate

equally-spaced sublevels.

For 57p e the excited state with 7=3/2 is split into four substates and the

ground state with 7 = 1/2 into two substates as shown in Fig. 2.4(a). The

allowed gamma transitions between the sublevels of the excited state and those

of the ground state are found following the selection rules: A7 = 1, Am = 0,±l

which give rise to a symmetric six-line Mossbaucr spectrum shown in Fig.

2.4(b).

The magnetic field at the nucleus is actually the vector sum of the externally

applied field and the internal magnetic field. The internal magnetic field

consists of basically three components:

- The Fermi contact interaction, which is a di'cct coupling between the

nucleus and the unpaired s-electron density.

- The orbital dipolar interaction, which is the interaction between the

atomic orbital magnetic moment and the nuclear dipole moment.

- The spin dipolar interaction, which is the interaction of the spin moment

of the electrons with the atomic nucleus.

1 8
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Fig. 2.1 (a). Schematic diagram of nuclear resonance absorption of
gamma-rays (Mossbauer effect) and nuclear resonance fluorescence.

ICE)
Emission

Line

Absorption
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Fig. 2.1(b). Emission and absorption lines are seperated by 2ER.

19



Excited
state

(e)

Ground
state

(g)

Source (S)

*

/ t i ,
A l E s '

f I '
la )

Absorber (A )

1

>

r

1 /

(•) v/mms"^

( b )

Fig. 2.2. (a) Energy level diagram showing the effect of monopole
interaction, (b) Resultant Mossbauer Spectrum (schematic).
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Fig. 2.3. (a) Energy level diagram of the quadrupole interaction, (b) The
corresponding Mossbauer spectrum.
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Fig. 2.4. (a) Energy level diagram showing hyperfine magnetic
interaction, (b) The corresponding Mossbaver spectrum.
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CHAPTER THREE

EXPERIMENTAL SET UP

3.1 The Mossbauer Spectrometer

The Mossbauer system consists basically of a Doppler velocity derive unit, a

source and an absorber, a gamma-ray detector with associated amplifying and

sorting equipment, and some sort of data storing c'evice such as a multichannel

analyser (MCA).

3.1.1 The Drive Unit

The function of this unit is to impart a known and controllable velocity to the

source. There are two types of drive systems: purely mechanical drives such as

rotating discs, and electromechanical devices such as the vibrator. Two modes

of operation, by which Doppler velocity is imparted, are normally used:

constant velocity in which a range of fixed velocities are imparted to the

source, and counts are recorded for a given interval of time at each velocity;

and constant acceleration, in which a range of velocities is scanned linearly and

repetitively with counts being recorded in the MCA such that each channel

corresponds to an equal velocity interval.

Electromechanical drives are commonly used to impart Doppler velocity to the

source or absorber, because they have excellent long term stability and

synchronization between the MCA and the vibrator sweeps is ensured in a very

simple way. The vibrator consists of rigidly connected driving and pickup

coils moving in a homogeneous magnetic field. This vibrator is driven by a

symmetric sawtooth waveform, called the reference, which is obtained by

integrating the square waveform from an externnl clock. The velocity scan is

determined by the amplitude of the reference signal. Feedback circuitry is

needed to get the vibrator to follow the reference precisely. While the
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vibrator is sweeping continuously over the velocity range, the MCA is

sweeping continuously through the 512 channels.

3.1.2 Source and Absorber

In our case the source is radioactive 57c 0 which undergoes a spontaneous

electron capture transition to give 57pe j n the excited state. Then 57pe decays

to the ground state>via a gamma-ray cascade which includes the 14.4 keV

Mossbauer gamma-ray. The decay scheme of ^Co is shown in Fig. 3.1.

The radioactive source nuclei are usually embedded in a matrix which

provides the necessary solid environment as well as giving the simplest

possible hyperfine between these nuclei and their environment. In the

Mossbauer experiment the source is normally held at room temperature.

The absorber contains the material (or the sample) to be investigated which

must contain the Mossbauer isotope (e.g. 57pe) j n the ground state. The sample

is often mixed with an inert matrix such as a fhely ground boron nitride or

aluminium. For best line shape and resolution it is desirable that the absorber

is thin.

3.1.3 The Detector and Electronics

Since the Mossbauer source emits different gamma-rays of higher or lower

energy than the Mossbauer energy, the detection system must count only the

Mossbauer radiation while discriminating against the remainder of the gamma-

rays. Three types of detectors are used in Mossbauer spectroscopy: the

proportional counter, the Nal scintillation detector, and the solid state detector.

The proportional counter is generally used for the energy region (1-20 keV),

and this type of detector is used extensively for ^7pe Mossbauer. The counter

is filled with Ar and ~5 % methane or CO2 as a <|iienching gas. If the length of

the gamma-track in the active gas is not more than ~1 meter then the
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probability for absorption of the 14.4 keV is high but rather low for the 122

and 136 keV energies (ERICSSON, 1995) The scintillation detectors are used

for higher Mtfssbauer energies such as the 23.8 keV 119Sn Mossbauer

radiation. The solid-state detector has extremely good energy resolution, but

the disadvantage of such a detector is that it must be cooled below 120 K

(MAY, 1971).

The preamplifier: Using proportional counters the charge piled to the

central wire in the detector after a gamma-event is too small to be sent through

the coaxial cables. Thus a charge sensitive preamplifier is connected close to

the output from the proportional counter.

The amplifier & SCA: The amplifier is used for further amplification of

the signals coming from the detecter. The SCA is set to filter out the 14.4 keV

Mossbauer gamma-ray from the non-M6ssbauer photons with minimum

interference.

A block diagram of a typical Mossbauer Spectrometer is shown in Fig. 3.2.

3.2 The Mossbauer System in Uppsala

Fig. 3.3 shows a computer controlled Mossbouer spectrometer system used at

institutes of Physics and Geology in Uppsala University.

3.2.1 The Mark VII Storage Device

This is a computerized unit with a dual purpose. One part of it is an MCA

working in multiscaling mode. Counts can be stored at the same time in two

arrays (A) and (B), each containing a maximum of 1024 cells, but normally

only 512 cells are used for a Mossbauer spectrum. The cells in an array are

open one at a time. The dwell time is set from the Apple computer. The dwell
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time is typically selected such that the whole array is scanned 1 0 - 2 0 t imes a

second.

3.2.2 The Mark VII Movement Device

As the mode of imparting Doppler velocity is normally the constant

acceleration mode. Thus there is a velocity assigned to each cell in the A and B

arrays and the velocity difference between two neighbouring cells are constant.

The synchronization between cell numbers and velocities is fulfilled by use of

a square shape pulse ("midscale") created in the Mark VTI device.

3.2.3 Control and Analysis
y

Before starting the measurements initial parameters, such as channel numbers

and dwell time, have to be fixed. This is done from the keyboard of the Apple

mini computer. The controlling basic program 'I'IN-5', developed in Uppsala,

is used to adjust parameters and save channel contents on a diskette and also

transfer data to the unix system VS200, used for the analyses of the data.

3.3 Experimental and Methods

The sample of New Haifa meteorite (NHM) was mechanically ground into a

fine powder. The meteorite powder was then mixed with boron nitride (BN),

used as matrix, and pressed into a sample holder which contains about 50

mg/cm^ of the meteorite sample.

Room temperature Mossbauer spectrum was recorded in the transmission

mode using a conventional constant acceleration spectrometer. The Mossbauer

source used was 20 mCi 57c 0 m Rn matrix held at room temperature. The

spectrometer was calibrated with the standard r^-iron foil spectrum at room

temperature.
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Low temperature Mossbauer measurements were performed, at Physics

institute, using a liquid helium flow cryostat. The source was 50 mCi 57c o in

Rh kept at room temperature. Calibration spectra of a-iron at room

temperatures were taken simultaneously with the meteorite spectra on the

double ended electromechanical drive.

Mossbauer spectra were fitted with a least squares fitting routine using "the

Uppsala program" (JERNBERG and SUNDQVIST, 1983). The evaluation of

the spectra was carried out using the thin absorber approximation and

dominating hyperfine interaction Hamiltonian.

X-ray Diffraction samples were prepared with the standard smear on glass

technique. Powder XRD patterns of the meteorite sample were obtained from

XRD scans made on a Philips automatic diffractometer using Cu Ka

radiation. Silicon (NBS standard reference Material 640, a=5.430880 A) was

used as an external standard.

Thin and polished section of the meteorite specimen was prepared and

examined using a petrological microscope, and photographs for some minerals

of interest were taken using a camera attached to the microscope.

Electron microprobe analyses were performed on selected points of the

silicate phases (olivine and pyroxene), and the opaque phases (Fe-Ni alloys and

troilite). The measurements were performed on a polished thin section coated

with a layer of carbon. The microprobe analysis is performed with Cameca

SX50 using a wavelength dispersive spectrometer (WDS). The instrument is

equipped with three WDS.
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3.4 Mossbauer Data Analysis

The Mossbauer data analysis is performed using "the Uppsala program" which

consists of three subprograms: Mossbauer Data Calibration (MDC), Mossbauer

Data Reduction (MDR), and Mossbauer Data Analysis (MDA).

The MDC program is used to determine the velocity scale of the Mossbauer

spectrometer by fitting the spectrum of the standard absorber metallic a-iron.

The calibration parameters are then written to a file to be used as an input to

the MDR program. The MDR program takes the raw data file of the sample

together with the file containing the calibration parameters and gives a folded

spectrum by adding the two halves of the raw spectrum. This folding has two

advantages:

(i) Improve the statistics.

(ii) Reduce the background curvature.

The MDA is used to find a set of parameters describing a given Mossbauer

spectrum (data). This is realized by simulating a Mossbauer transmission

spectrum according to a given set of parameters and comparing the results

with the experimental data.
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Fig. 3.1. Nuclear decay scheme of Co-57 showing the
transition giving the 14.4 keV Mossbauer gamma-ray.
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RESULTS AND DISCUSSION

The specimen contains well-defined chondrules varying in dimensions from

sub-millimeter up to 3 millimeters. The chondrules consist mainly of radiating

orthopyroxene and olivine crystals. Fig. 4.1 (a) shows a photograph of a thin

section of New Haifa meteorite with a typical chondrule, having a diameter of

1.3 mm. Metal inclusions are also present in the specimen as shown in the

photograph presented in Fig. 4.1(b). The olivine composition seems to be

constant throughout the specimen, whereas pyroxene has a varying

composition and both orthopyroxene (the dominant pyroxene) and

clinopyroxene were present in the specimen. The elemental composition data

of some selected points of olivine obtained by microprobe analysis are

presented in Table 4.1, and that of orthopyroxene are collected in Table 4.2.

From Table 4.1 and using the average values in the last column the following

composition for olivine normalised to four oxygens was obtained:

(Mgi.53Feo.48)Si0.9904

The orthopyroxene has j.he following average composition normalised to six

oxygen atoms:

(Mg l .47Feo.46Cao.03Mno.02)Si2.0006

From the above compositions we calculated the mole fractions of the iron end

members of olivine^fayalite), and pyroxene (fcrosilite) as: 23.9 % and 23.2

%, respectively. From these values it can be concluded that New Haifa is an

ordinary L-type chondrite (DODD, 1981).

Clinopyroxene was found as microcrystallines around the rim of the

orthopyroxene and has the following composit'on, calculated from only one
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measurement:

(Cao.76FeO. 16Na().05Mn0.01 )M2

(Mgo.86AlO.O6CrO.O6TiO.O2)Ml (Sil.92Al0.08) 06

This composition lies within the composition range of augite in the triangular

diagram of pyroxenes.

Table 4.3 shows some of the selected analysis of the opaque phases. Using the

normalised atom concentrations, troilite was found to have an average

composition of Fe50.6S49.4, while kamacite has I7e93.7Ni6.3 in the average.

The analyses also show the presence of two taeniie phases, one (Taenite (1))

with the average composition Fe74.6Ni25.4 and the other (Taenite (2)) has the

average composition Fe47.9Ni52.l- Fig. 4.2(a) shows a photomicrograph of

Fe-Ni alloys: taenite (light gray) between two kam.icite regions (dark gray). In

Fig. 4.2(b) a microprobe trace of Ni concentration between points marked Pi

and P2, which are 124 fim apart, on the photomicrograph was shown. At the

interface between kamacite and taenite (~2 /im thick) the Ni concentration is

high and the composition of the Fe-Ni alloy is th;>t of taenite (2) above. The

microprobe Ni trace across a kamacite-taenite-kamacite area has a shape

resembling the letter M, as shown in Fig. ^.2(b). This shape of Ni

concentration gradient, which was found in iron meteorites and in metal

inclusions in chondrites, has been termed "M-profile" and some authors used

the M-profiles to calculate the cooling rate of the meteorite. From cooling rate

calculations, conclusions are drawn concerning (he size and history of the

parent-body of the meteorite (KNUDSHN, 1989).

The slight decrease iff kamacite Ni concentration near the tacnitc interface is

the basis for the slope of the dashed portion of the a/(a+ y) phase boundary

in the Fe-Ni phase diagram shown in fig. 4.3(i). The cause that the Ni
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concentration gradient is much steeper in taenite than in kamacite can be

attributed to two factors: taenite has a lower diffusion coefficient than

kamacite, and/or a much steeper gradient in the y/(cc + y) phase boundary

than in the a/(a+y) phase boundary (WASSON. 1974).

A minute amount of metallic Cu is also found within the Fe-Ni alloys, and

between the taenite and troilite phases. This is shown in the photomicrograph

together with the microprobe trace of Cu concentration presented in Fig.

4.3(b).

The Mossbauer spectrum of New Haifa meteorite (whole rock powdered

sample) measured at room temperature (295 K) is presented in Fig. 4.4 and

the corresponding hyperfine interaction parameters are collected in Table 4.4.

The poor fit of the troilite inner lines is caused by the use of dominating

interaction model in fitting the magnetic sextets. At 295 K, the Mossbauer

spectrum (as anticipated by the X-ray diffraction spectrum shown in Fig. 4.6)

shows the presence of the silicate phases (olivine and pyroxene), iron sulphide

(troilite), and iron-nickel alloys (kamacite and taenite). The quadrupole

splittings and the centroid shifts of pyroxene and olivinc are within the range

of values reported for these silicates, and the pyroxene parameters are

consistent with the values of orthopyroxene (GREENWOOD and GTBB,

1971). In orthopyroxenes (Mg,Fe)2Si2O4, Fe^+ is present in two different

crystallographic sites, Ml and M2. The quadrupole splitting for the Ml site is

in the range (2.3-2.7 mm/s), and that of the M2 has the range (1.9-2.1 mm/s),

and the resolution of the two doublets assigned to these sites depends on the

iron content (BANCROFT, 1973). In an orthopyroxene containing 23.1 % of

Fe2+ only a single quadrupole doublet is seen (QS = 2.11 mm/s, CS = 1.14

mm/s) (GREENWOOD and GIBB, 1971). Therefore, the inner doublet in Fig.

4.4 can be assigned to Fe2+ in the orthopyroxene M2 site, while the outer

doublet is due to absolution by Fe2+ in olivine.
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The Mossbauer spectmm, rig. 4.4, is fitted with three sextets. The one with a

magnetic hyperfine field of 31.2 T is assigned to troilite. The other two sextets

have been assigned to-the metal inclusions; kamncite with H = 33.9 T and

taenite with H = 30.4 T. It has been established that in Fe-Ni alloys, an increase

of the Ni content from 0 to 20 % increases the byperfine magnetic field by

about 3 % relative to metallic iron, which has F = 33.0 T. With a further

increase of the Ni content, the hyperfine magnetic field decreases (ZHANG et

al. , 1994). This is in agreement with the results we have obtained for Fe-Ni

alloys present in the meteorite.

In the Al Kidirate, a Sudanese meteorite studied by GISMELSEED et. al

1994, Fe-Ni alloys were present as kamacite only.

Owing to the difficulties to resolve the individual components, we have tried to

separate the magnetic part of the meteorite from the whole rock powdered

sample. The magnetic separation was achieved by using a hand magnet

wrapped in paper and combing through the sample until no iron filings were

picked up. Mossbauer spectra, after the magnetic separation, at 178 K, 29 K,

and 4.2 K are shown in Fig. 4.5. From these spectra it is clear that the metallic

phases are no longer present. The centroid shifts and quadrupole. splittings for

troilite, pyroxene, and olivine measured at different temperatures are

presented in Xable 4.5. The variation of the centroid shifts with temperature is

caused by the second order Dopplcr shift. The temperature independence of

the quadrupole splitting of pyroxene confirms our assignment that most of the

Fe2+ is in the M2 site (COEY, 1984). Down to 22 K the spectra resemble the

room temperature spectrum, but at 4.2 K we obtained a completely different

spectrum from which it is clear that the olivine is ?t least partly magnetic. An

orthopyroxene with the composition Fe().27Mg0.73SiO3, which has a higher

iron content than the composition we have obtained for our studied

3 5



orthopyroxene, shows no magnetic ordering down to 1.7 K (GREENWOOD

andGIBB, 1971).

A study of the low temperature spectra of olivines (Mg2-xFex)Si04 as a

function of x has shown that magnetic relax? tion effects are important for

intermediate members of the series. The low temperature spectra (at 10.1 K,

7.2 K, and 4.3 K) for a sample with x=0.4, i.e. of composition

(Mgi.6Fe().4)SiO4, which is not far from the composition of olivine in our

meteorite, have shown magnetic relaxation of it on clusters (COEY, 1984).

The difficulties encountered in fitting the spectrum at 4.2 K, Fig. 4.5, which is

due to the magnetic relaxation effects, make us fit the spectrum with only one

doublet (pyroxene) and one sextet (troilite). The olivine which is magnetic and

possesses a relaxation phenomenon at such temperature has been avoided in the

fitting procedure.

The hyperfine parameters shown in Table 4.4 confirm that the New Haifa

meteorite V> &n ordinary L-type chondrite.
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Table 4.1. Selected analysis of the olivine phase for five different points.

Element
atom. %

Na

Mg

Al

Si

K

Ca

Ti

Cr

p »

Mn

Ni

0

Total

PI

0.00

22.38

0.00

13.82

0.00

0.00

0.00

0.02

6.71

0.14

0.00

56.92

99.98

P2

0.00

21.70

0.01

14.12

0.00

0.01

0.00

0.00

6,96

0.15

000

57.06

100.05

P3

0.00

21.66

0.00

14.31

0.00

0.01

0.00

0.00

6.72

0.15

0.00

57.15

99.95

P4

0.05

21.72

0.00

14.22

0.00

0.01

0.00

0.03

6.76

0.12

0.00

57.'0

100.12

P5

0.04

21.71

0.01

K.24

0.00

0.01

0.00

0.00

6.74

0.14

0.00

57.11

99.98

Average

0.03

21.83

0.00

14.14

0.00

0.01

0.00

0.01

6.78

0.14

0.00

57.07

100.01
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Table 4.2. Selected analysis of the orthopyroxere phase for five different
points.

Element
atom. %

Na

Mg

Al

Si

K

Ca

Ti

Cr

Fe

Mn

Ni

O

Total

PI

0.00

15.53

0.04 /

20.16

0.00

0.11

0.02

0.02

3.86

0.14

0.00

60.11

99.91

P2

0.00

15.67

0.03

19.96

0.01

0.15

0.03

0.02

3.99

0.14

0.00

60.01

99.90

P3

0.01

15.73

0.04

19.96

0.00

0.19

0.03

0.02

3.88

0.15

0.00

60.00

99.88

P4

0.05

14.53

0.07

19.95

0.00

0.71

0.01

0.12

4.38

0.17

0.00

60.01

100.45

P5

0.01

11.99

0.09

20.08

0.00

0.52

0.01

0.13

6.78

0.28

0.01

60.1

99.21

Average

0.01

14.69

0.05

20.02

0.00

0.34

0.02

0.06

4.58

0.18

0.00

60.05

100.00



Table 4.3. Selected analysis of the opaque phases.

Element
(wt. %)

Mg

Al

Si

S

Cr

Fe

Ni

Cu

Mn

Co

Total

Kamacite

0.04

0.01

0.00

0.04

v 0.00

91.40

6.43

0.00

0.00

0.80

98.72

Taenite (1)

0.01

0.00

0.00

0.00

0.00

72.57

25.95

0.05

0.00

0.26

98.84

Note: Each value of the different elements
taken at three different points.

Taenite (2)

0.00

0.00

0.00

0.00

0.01

46.40

53.14

0.24

0.00

0.06

99.85

is the average

Troilite

0.00

0.01

0.00

35.00

0.01

62.44

0.13

0.05

0.01

0.01

97.66

measurements



Table 4.4. Room temperature Mossbauer parameters of New Haifa meteorite.
CS stands for centroid shift relative to metallic iron at 295, QS for quadrupble
splitting, H is the magnetic internal field expressed in T, A is the relative area
of the components.

Kamacite

Taenite

Troilite

Olivine

Pyroxene

CS (mm/s)

0.07

0.16

0.77

1.14

1.14

QS (mm/s)

0.04

0.55

-0.16

2.92

2.09

H(T)

33.9

30.4

31.2

_

A (%)

7.71

2.12

15.66

50.16

24.35
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Table 4.5. Centroid shifts and quadrupole splittings measured at different
temperatures for troilite, olivine, and pyroxene phases.

Temp.
(K)

295

178

100

29

22

Troilite

CS
(mm/s)

0.77

0.85

0.9(5

0.92

0.92

QS
(mm/s)

-0.16

-0.16

-0.15

-0.15

-0.15

Olivine

CS
(mm/s)

1.14

1.23

1.29

1.28

1.28

QS
(mm/s)

2.92

3.10

3.14

3.13

3.13

Pyroxene

CS
(mm/s)

1.14

1.22

1.28

1.27

1.27

QS
(mm/s)

2.09

2.13

2.13

2.15

2.15
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Fig. 4.1(a). Photograph of a thin section of New Haifa meteorite, showing
a typical chondrule (1.3 mm) consisting chiefly of radiating
orthopyroxene and olivine. crossed polar'/ers; field 2.7 mm across.
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Fig. 4.1(b). Photograph of: metal inclusions: komacitc and taenite (light
gray), troilite (brown), and small inclusion of metallic Cu (red spot).
Parallel polarizers: field 0.7 mm across.
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Fig. 4.2(a). Photomicrograph of Fe-Ni alloys: kamacite (dark gray) and
taenite (light gray) foud in New Haifa meteorite.
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Fig. 4.2(b). Microprobe trace of Mi concentration between points
marked Pi and P2 on the above photomicrograph.
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Fig. 4.3(a). Fe-Ni phase diagram. The drtted portions of the phase
boundaries are not experimentally determinrcl, but based on microproh**
data on coexisting meteorite phases and assumed temperatures. (From
WASSON, 1974) "
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Fig. 4.3(b). Photomicrograph of troilite, toe nite. and metallic Cu. A long
the track from left to right arc the following phases: troilitc (dark),
taenite (2) (light gray), taenite (1) (dark j:ray). Cu (white). Intensity of
Cu along the track is shown bv the dotted l h e .
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-6.0 -4.0 -2.0 -0.0 2.0 4.0
Velocity (mm/s relative metallic iron at 295 K)

6.0

Fig.4.4. Room temperature Mossbauer spectrum of New Haifa meteorite
(whole rock powdered sample). The spectrum is fitted with three sextets
using dominating interaction model, and two doublets. The dashed line
indicates the pyroxene component.
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4.2 K

-6.0 -4.0 -2.0 -0.0 2.0 4.0
Velocity (mm/s relative metallic iron at 295K)

6.0

Fig.4.5. Mossbauer spectra at different temperatures of the meteorite sample
obtained after magnetic separation. In the spectrum at -1.2 K the sites of troilite
and pyroxene are shown by the dashed and dotted lines respectively.
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Fig. 4.6. Powder Xo-ray diffraction spectrum of New Haifa meteorite using Cu radiation (wl = 1.5406 A). Indicated are
the d-spacings in Angstroms of the most significant peaks of the observed phases, being olivine (01), orthopyroxene (Opx),
troilite (Tr), kamacite (Kam), and taenite (Tae).



CHAPTER FIVE

CONCLUSIONS

The results obtained from the three complementary techniques are in good

agreement. The Mossbauer spectroscopy which was used in combination with

XRD and microprobe analysis is a powerful tool not only for mineral

identification, but also for its high sensitivity to energy changes in the order of

10~8 eV as caused by hyperfine interactions.

The Mossbauer spectrum at 4.2 K which shows a drastic change compared to

the room temperature spectrum, probably indicates an inhomogeneous

distribution of iron within the olivine grains.

Fe-Ni alloys from iron meteorites and metal inclusions in chondrites have been

studied by Mossbauer spectroscopy and the following facts emerge from such a

studu : Taenite, which is an fee Fe-Ni alloy, always appears to decompose into

two phases; an atomically disordered paramagnetic phase with about 25 % of

Ni, and a ferromagnetic atomically ordered (50-50) Fe Ni alloy. For the

meteorite here studied, the magnetic sextet (Fig. 4.4, Table 4.4) with H = 30.4
be

T and relative intensity 2.12 % canjassigned to the taenite ferromagnetic phase

(Taenite (2) in the microprobe results). These interesting metal inclusions

found in this meteorite can be studied in detail by applying the Mossbauer

spectroscopy to the magnetic part of the meteorite sample.

Future work is to study the olivine to determine its transition temperature.

It can be concluded that New Haifa meteorite is an ordinary L chondrite.
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COLLECTION OF TABLE ANI>

Tables . , . , . .

Chapter Four

Table 4.1. Selected analysis of the olivine phase for five different points.

Table 4.2. Selected analysis of the orthopyroxcne phase for five different
points.

Table 4.3. Selected analysis of the opaque phases.

Table 4.4. Room temperaure Mossbauer parameters of New Haifa meteorite.
CS starlets for centroid shift relative to metallic iron at 295, QS for
quadrupole splitting, H is the magnetic internal field expressed in
T, A is the relative area of the components.

Table 4.5. Centroid shifts and quadrupole split'ings measured at different
temperatures for troilite, olivine, and pyroxene phases.

Figures

Chapter Two

Fig. 2.1 .(a) Schematic diagram of nuclear resornnce absorption of gamma
rays (Mossbauer effect) and nuclear resonance fluorescence,

(b) Emission and absorption lines are s'-perated by 2ER.

Fig. 2.2. (a) Energy level diagram showing the effect of monopole interaction,
(b) Resultant Mossbauer Spectrum (schematic).

Fig. 2.3. (a) Energy level diagram of the quadrupole interaction,
(b) The corresponding Mossbauer spee'rum.

Fig. 2.4. (a) Energy level diagram showing hyporfine magnetic interaction,
(b) The corresponding Mossbauer spee'rum.

5 1



Chapter Three

Fig. 3.1. Nuclear decay scheme of 57Co sho ving the transition giving the
14.4 keV Mossbauer gamma-ray.

Fig. 3.2. A block diagram of a typical Moss^auer Spectrometer.

Fig. 3.3. A block diagram of a computer cortrolled Mossbauer
Spectrometer used in Uppsala University.

Chapter Four

Fig. 4.1 (a). Photograph of a thin section of Nev Haifa meteorite, showing a
typical chondrule (1.3 mm) consisting chiefly of radiating
orthopyroxene and olivine. crossed polarizers; field 2.7 mm
across.

Fig. 4.1(b). Photograph of: metal inclusions; ka nacite and taenite (light gray),
troilite (brown), and small inclusion of metallic Cu (red spots).
Parallel polarizers; field 0.7 mm across.

Fig. 4.2(a). Photomicrograph of Fe-Ni alloys: k.imacite (dark gray) and tacnite
(light gray) foud in New Haifa met ^orite.

Fig. 4.2(b). Microprobe trace of Ni concentration between points marked P]
and P2 on the above photomicrograph.

Fig. 4.3(a). Fe-Ni phase diagram. The dotted portions of the phase boundaries
are not experimentally determined, hut based on microprobe data
on coexisting meteorite phases and \ssumed temperatures. (From
WASSON, 1974)

Fig. 4.3(b). Photomicrograph of troilite, taenite and metallic Cu. A long the
track from left to right are the folk wing phases: troilite (dark),
taenite (2) (light gray), taenite (1) (dark gray), Cu (white).
Intensity of Cu along the track is shown by the dotted line.

Fig. 4.4. Room temperature Mossbauer specf nm of New Haifa meteorite
(whole rock powdered sample). Th<- spectrum is fitted with three
sextets using dominating interaction model, and two doublets. The
dashed line indicates the pyroxene component.

5 2



Fig. 4.5. Mossbauer spectra at different temperatures of the meteorite
sample obtained after magnetic sepeiation. In the spectrum at 4.2
K the sites of troilite and pyroxene w e shown by the dashed and
dotted lines respectively.

Fig. 4.6. Powder X-ray diffraction spectrum of New Haifa meteorite.
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