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ABSTRACT

OSSBAUER EFFECT: I'NVESTIGA;IO&S“ OF

CERTAI‘N‘ IRON BEARING, MINEARALS AND ROCKS ) ’

)

. Inaam Y. Eladas

. ~ R o
The Mossbauer spectra-of three bulk rocks, four orthopyroxenes, six

. clinopyroxenes, two pyrites and six samples taken fro?f a calcareous -formation

-

*adjacent to the Coppe’r mouritain plug of the baspe Copper mines (Quebec),

have been r‘eborde{d at room temperature. The Spectra were computer fitted

S
~

to Lorﬂtzian line shapes and the component peaks of each spectrum. were N
it

: 24 T .4 .
assigned to particular positions of Fe" and Fe~ 1n the various minerals.
® . B -»
3 i Py

- Andradite and hedenbergite were identified as. the main Fe cohtaining

minerals in the samples/:‘aken from the Gasgé Copper mines. It gas found that |

the percentages of andradite and hedenbergite, vary linearly with the iromn
contents of the samples. An attempt was made to relate the variation in
iron contents to the distance from the Copper mguntain .plug;ﬂ no unique
conclusion could be dx“‘awn. In ortho and clinopyroxenes, the variation

in the quadrupole splitting was related to the variation of the ratio

. A '
Fe/ (FetMg) . . 7 B Lo

\

\ . . . .o 4
It 1is concluded that the Mossbauer effect can be used as a finger

“ Z/ print technique in mineral studies. i ' -f

4
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. INTRODUCTION
|
[

The first studies of geologically important minerals. usi’ng gamma

1

ray re®vhant absorption were performed shortly after the-é/iscovery of

the Mossbhauer effect. They were concerned with tﬁe quadrupole pet%fd
) @
magnetic hyperfine interaction of 57Fe in hematit%jfi - Fe203) by Kistner

and Sunyarl in 1960, and the effect of the Verwey transition (Fe2+4->Fe3+)

on the internal magnetic fields in magnetite (Fe ) by Bauminger et.al.2

3%
in 1961. The aims in the early/{,{:eriod were primarily directed towards the

»"

properties of nuclear states glow energy nuclear physics). General inter-
!

pst in its applications to mi’neralog);, geology and crystallography develop-

. 57
ed a few years later, where attention was focused on ~ Fe resonance in

minerals, while little work has been performed on other M&sshauer nuclei.

Former applications in mineralogy -and geology,. cover mainly the

following areas, (i) the analysis of the oxidation states of iromn at
differ‘ént cr‘ystal gsites (ii) The assignment of distinct hyperfine pat- i
terns to non équivalent lattice positions which leads to the determina-

tion of the Fe2+, Fe3+ gite preference. (iii{) The study of‘érea ratios

oé distinct hyperfine patterns, which leads to the determination of certain
thermodynamical parameters, like the exchange energies of chemical reac-
tions between non-equivalent lattice sites, activation energies, order-
disorder {Sh‘Lmomena, etc... (iv) The identification of iron minerals

using the finger print t:ec:hnique3 (comparing ob;erved pérameters,-with

previously bublished data orl refined minerals). This technique is fol-

lowed mainly in the analysis of bulk rock, meteorites and lunar soils.
* ¥

The main objectj,ve‘s behind this work are:

SN 4
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A
A - To investigate the possible use of Mossbauer ‘spectroscopy as a

-

geochemical prosp,eqt{ng technique: firstly, in rapid semiquintitative

analysis,of fine grained rocks (e.g. alteration products around certain

" ore deposits), and secondly, for the detection of very small amounts of

\

i;ron minerals formed at a considerable distance from an ar.':tual ore body
but which are by product‘s éf the same ore form.ing process. The possible
use of Mossbauer spe‘ctfoscopy' in geochemical prospe'cti‘ng,- was suggested
by Bancroft:3 in 1973. OL;I‘ investigation is carried on the Gaspe’ Copper
mines in the Gaspe/ Penins;ula of Quebec by studying samibles‘ belonging

) Co Ty o

to specific formations of the area and others‘which are picked randomly.

N

B - To reinvestigate previously proposed relations concerning the varia- -

’
:

tion of the quadrupole‘s‘plitting,of iron in certain minerals with the

o L}

. variation of iron contents or the iron ra'tio in pyroxenes (Bancroft 1967)1

¢

* The theory of the Mdssbauer effect is presented in Chapter 2,

“
o

while the M&ssbauer experimental technique is presemed' in Chapter 3.

Chapter 4 constitutes the background on iron minerals. The method of .

analysis and description of the Computer prpgramine.used, .are given in \

-

) . .
Chapter 5. A brief presentation.on the pyroxene crystal structure is

followed by the results and interpretations”in the study of the bulk
:
samples, the orthopyroxenes and the clinopyroxenes, in Chapter 6.° The

. ‘ .
potential use of Mossbauer spectroscopy In studying alteration patterns
. 1 , ]

relatéd to ore forming processes is illustrated by the results of six
‘samples taken from a férmagion adjacent to ‘the Copper Mountain plyg at

Gaspe Copper mines in the Gaspe peninsula of Quélec, in Chapter 7.

-

Chapter 8 is a conclusion. - ’ i .
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« 2.1 RESONANCE-RECOIL FREE EMISSION. L

According to the laws of conservation of energy and momentum, the

J‘émisgi.on of a gamma ray by'ua"nucleus of 'a free atom (moiring in the

]

X-direction with a veloc:ﬁ%ﬁ}) due to its tramsition from an excited

state Ee to a ground staté"Eg-; subjects the nugleus to-have a total
: . ‘ /
momentum MV before and after emission, i.e. the momentum of the

ot o a1

»
emftted-gamma ray (E/c) is balanced by a change in the velocity.of the

/‘ . g

(PRI

/ : ft:leus, Figure 1l.- The difference between the nucledr transition %
/ o
Energy Eo and the gamma ray.energy Ey is given by equation 1. "
X 6E = E; - By ='E; + Ej . . (L) ‘
' / . . '
~ > E
e
. \ , ;
‘ |
E . ER'G-————{ E, ;
>E
. g
> . ] -
) i . &" \; ‘. 13
- | Co S ' S b
\ Figure 1 . , 3
¥ - :

. CLASSICAL EMISSION OF GAMMA RAYS

. .
} -
° ‘

, . 2 \
SE is the sum of two:factors: a) the rt:.coil. energy ER = %M‘VR where '

~

° 4 .
is the recoil velocity and M the mass of /the nucleus, b) a Doppler
o ¢ ’ y
term ED = IvthVX because the energy of a gamma ray emitted by a nucleus A

YR

. 3 . ——

~
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A

%

,1s an aspect of Heisenberg's uncertéinty principle which for energy

moving with a velocity V along the gamma ray propagation is shifted by

a first order Doppler term. JE 1s very small compared to Ey but it is

significant if we consider the line width I' of the gamma raya. This

-~ \
v

and time is given by equation 2.°
v * AE. At > R ‘ (2)

h is Planck's constant; AE is associated with the line width T of a

gamma ray and At with the mean igfe tof the excited state. The least

2’

14

uncertainty, in such a case.is T =h or AE =T = hfr,

The natural line width [ is defined as the full width at hdlf
maximum of an epiésion curve, and i$ very small when compared to the

recoil energy of the nucleus, i.e. SE is greater than the line width.

[

Absorption of gamma quaﬁta could not be observed in systems of similar
transition energies because emission and absorpéidﬁ profiles do not

4 .
overlap.. . ~

Mdssbauer discovered while studying the scattering of gamma rays
of kgllr by Ir and Pt that for some low energy gamme rays OE is
negligible, and that emission and absorption profiles overlap5

M8ssbauer interpreted the situation by postulating that a fraction of

the gamma rays emitted by solid sources are without recoil. His -

interpretation viewed a crystal lattice as a quantized system

;- .
(electrons agd nuclei) where. it cannot be excited in any fashion but
as a simple Einstein model of a solid, it needs an energy of thv;

' o~
¢2hv.... to be excited; i.e. the recoil energy ER of a nucleus must be

[RRRPOIUE Y PP

Lo e e P e Lk

1y
H
1
L
|




[

“nucleus in the direction of the gamma ray.

equal to or greater than *hv to ekcite the lattice to its lowest

.

states. 1If ER‘is less than hv,,thq.lattiée is not excited and the

A J .

emitting atom does not recoil but the whole crystal lattice mass takes
up’ the recoil energy. 1In such a case ER and ED are small compared to
Ey, and resonance or overlapping of emission and ébsorption

!

profiles takes place.

Due to thq‘comparable magnitudes of the recoil energy apd,the
lattice excitation energy, only a fraction of the gamma rays is

‘emitted without recoil. This fgaction is known as Méssbauer fraction

and 1s given by equation33.

s

2 2
£ = expl=i <X
A

E | &)

A stands for the wave length of the gamma quanta and <X2> is the |

component of the mean square vibrational amplitude of the emitting

£ 3

2.2 HYPERFINE STRUCTURE Cy

z -

Prior to Massba;er discovery, the ability to resolve hyperfiﬁe
interactions by observing the transitions of gamma rays was discountéd;
although a less direct measﬁ;e of quadrupole and magnetic splitting
could be obtained from gamma-gamma directional correlationl. These
interactions are attributed to the nuclear charge distribution, and the
extra-nuclear electric and magnetic fields. There are three main
hyperfine interactioﬁs corresponding to the nuclear moments determining
the nuclear levels: ]

" A. . Electric Monopole ‘Interaction (Eo) - Isomer Shift

-~

°

\ .

VL S s b




=f

. . - . ° ¥
R

v B. Electric‘Quadrupole Interaction (E_) - Quadrupcle

2

- . . Splitting
C.' Magnetic Dipole Interaction (Ml) —'Nuc%Far Zeeman
. . Effect
2.2.a ISOMER SHIFT | "
A nucleus occupies a finite volume, The s—eléctrons have the .

.
P

ability to penetrate the nucleus and spend a fraction of time inside
the nuciear regioﬂ. The p, d, and f electrons do not possess this
ability except in thevcase of relacivistic effects wherg_p% elegtrons
can spend a very small fraction of time inside ghe nucleusG. Dué’to
the electrostatic interaction between the nuclear ‘charge.and the ,
s~electron charge, the nuclear energy levels are shifted by a small
amount 6f This shift § (known as the ;somer, chemical or central
éhift); was computEd classically by Wertheim?, assuming that the
nucleus is a uniformly charged sphere of radius R, where the electron
cloud.is uﬁiformly distributed over the nucléar range. 6§ then
represents the energy difference between the electrostatic interéction
of a point nucleus and one with radius R, ha?ing thé same charge Ze.
The derived expression of § is given by equation 4 wheré\—e!p(oblz is

—

the electronic charge density. .

b . 2.2 2
6=?zeR}w§o)}’ (4)

©

The energy difference between the ground state g and an excited state

e of the nucleus is given by equation 5:

§ = (GE)e - (GE)g = %}

v
"

2,2 2 2
Ze" (R - R )lw(o)l (5)

- s bens Smmtoratiel
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In a Mbgsbauer experiment, we actually obsetve the difference of

the electrostatic shift be&yeen a source and an absorber of different
/

electrostatic environments, where the electron density is different

from source to abosrber. Equation 6:

| |+
b, 2.2 R, . 2 2 . ‘
=T 2R gy la - lw'(°)-[s~~- ? o

et o

" SR staqgs for the diﬁference between the radil of the excited

v

and ground states. The corresponding resonant Doppler velocity in an

¢

experiment is given by equdtion 7:

¥ R
4re, . 2.2 6R 2 2 ;
v‘f Ggp) R T gw(o){ " 'N’(o)ls )

.

§ then is the distance of the center of gravity of the’ absorption peak
. ]
or peaks from the zero Dopp;ér velocity Figure 2.

r

pe—— "

source (a) absorber - ;
¢

A : ,

ABSORPTION

E
-
h

b

5

I

! - 0 + Velocity
(b) : Y -
Figure 2 :

[}

(2) SOURCE AND ABSORBER NUCLEAR ENERGY LEVELS '
- (b) RESULTANT ?OMER SHIFT .- -~




From the previcus expression of the Isomer shift, it is noticed

- that ¢ is dependent mainly on two factors, ]w(g)lz and’R. The ratio

~

LY

%% is known but ﬁot to a great accuracy7 while the electron density is
d;’

Jdominated by ‘the s—electrdns which can be assumed as being composed of

two contributions. The direct s-density contributions and the indirect

8-changes caused 'by the shielding of the outer g-electrons from the
v ! ’

nucleus by the charge densities of the p, d, and f/electronms. Changes

/

in the valence shell structure influence the s-electron density

N ' .
. a v
directly by altering the s-electron population’where increasing g-

density will increase [W(O)lz and shielding s-electrons by o, d, and
f electrons, i.e. increasing the denéity of p, d,'and f respectively‘
will cause s-electrons cloud to expandz’4 and thus decrease jw(o)lz.
The Isomevr shift between F%+(3d6) and Fg+(3d5) is a direct

illustration of the facts mentioned above. 3d has no charge density

fny

at the nucleus and this sugeests no'ghifts, however, the behaviour of the 3s

and 4s' electrons in iron depends on the number of 3d electrons wpere
an added 3d electron partially screens the nuclear potential seen by

“ 2
the 3s electrons leading to a larger average radius and a lower !w(o)l .

Table 1 shows electron densities at the iron nucleus for different

configurations.

TABLE 1 .
, ELECTRON DENSITIES AT THE IRON NUCLEUS
. FOR DIFFERENT CONFIGURATIONSS ;
g8 347 34° 3d°  3a% 452
From 1 electrom in 1S  5378.005 5377.973 5377.840 5377.625 5377.873
From 1 electron in 25 493.953 493.873 493,796 493,793 493,968
From 1 electron in 38 67.524 67.764 68.274 69.433 68.028
From 1 electron in 48 - - - - -
[V o |2 11878.9  11870.2 11879.8; 11881,7 11885.8

(in atomic uﬁits: electrons per cubic Bohr radius) -

- T NeaRly
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Other expressions for the Isomer shift have be%? derived taking

into account relativistic self consistent fields of electrons. One

'

i

of these expressions is equation 8. Its derivation assumes that the

difference in electron density for two different states can be

expressed as a change in the electron density alone and that the

radial coefficients a, and a, depend only on the nuclear cha;ge7.

§ = % nZe2 Ape(o)[A<r2>_— b[+ <r4> + b6 <r6> eee] " (8)

L b4 = 3/10 a, ;

‘ 2.2,b QUADRUPOLE SPLITTING
¥

b6 = 1/2 a,’

\where bp(x) = ap(o) [1 - az(Z)r2 + 34(2)t4 o

4

\ The derivation of the Isomer shift expression by Wertheim assumes

the nucleus-to be uniformly charged and spherically/ symmetrical.

4

Howeveﬁ, in reality a nucleus is more or less charged ellipsoidal.

This deQ}ation 1s given by the electric quadrupole moment eQ which is

a tensor. A nuclear 'state with I > 1/2 has a non-zero quadrupole

3,

moment that interacts with the electric field gradient EFG at the

1

* -

nucleus. This interaction results in a splitting of the nuclear
\

\ ' -

energy levels and is known as
. i
B A

expressed in eﬁe general form by the Hamiltonian of equation 9.

\

H‘\=- Q . (VE)

Q denotes the operator of the

(VE) the EFG tensor\fperator.

| \

the electric quadrupole inteéeraction

¢/

€D
nuclear electric quadrupole moment and \\X%
Q is a constant for a given Mossbauer

)

bt e s = s DA

-
e Tai i
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' nuclide in different compounds, and the changes in quadrﬁﬁole inter-

* aétion arises only from changes of the EFG expressed as equation (10). °*

v v v
. XX Xy =Rz
J &
_ EFG=YVE=-YWW=-|V V V (10)
' yx yy yz
n
\ a v \" \'4 N
ZX zZY 22
where
2%y
- Vij aiaj H (Vi’ Vj .x,y,z)

‘ rY

The EFG, which is a 3x3 tensor, caﬁ be reduced to diagonal form
in the proper coordinpcé system so that it could be specified by the
three diagonal components only.' These components obey Laplace's equa-

tion in a region where the charge density vanishes.

ot vyy + sz =0 (11)

L]

In such a case, there remains only two independent parameters normally
. ' d

chosen to be sz and n the assymmetry parémiter defined as equation

t

12.

n = _’EV.,:._X}: ‘ : ' (12)
2z

. The EFG axis are chosen such Ehat; the off-diagonal components are zero

and v | >|v.|>]v |3
oz = yyl — Pxx

zero and one. If the off-diagonal elements are non-zero, then the
tensor must be diagonalized before the diagonal elements are chosen as

above. Further”mére, two mutually perpendicular axis of three fold or

o

. This constrains n to have values between

I
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' higher symmetry give rise to a vanishing EFGg.

/

In general there are two fundamental sources which can contribute
to. the total EFG3. a - charges on distant.h1qm§\9r ions su;iound-
iné the Mossbauer atom }n non-cublic symmetry, usually called the
ligand-lattice contributions. b - non-cubic electron disgfibution in
partially filled valence'orbitals of the Mossbauer atom usﬁglly denoted

' as the valence electron contribution. In the simple case where 0 1is

zero Q 1is expressed as equation (13).

Q= - Qla;tice +d-R Qvalence a3

|

R and v, are respectively the Sternheimer anti shielding factors,
1

»

Qlattice is the contribution from extermnal Ligand Charges, whereas .

QV is the Contribution from the valence electrons.
alence

The Hamiltonian fepresenting the interaction between the nuclear:
\<Luadrupalemoment and the electric field gra@ient with its eigenvalues

are given below by equations (14) and (15) respectively. Where 1 1is

the nuclear spin, I the nuclear spin operator, I+ and I_ the

raiéing and lowering operators respectivély. MI is the nuclear magne-

’
tic spin quantum number.

) | ' ; 'eZQsz T2 2 X ) ~9
=1y B, -1 + 21, +1D) (14)
eqQv 2
zz 2 3
Fo = aican M - 1ala + 1 (15)

The splitting of the nuclear energy levels by the electric quadrupole

intéraction are'il;ustrated by the 57Fe case where the excited state

v
-

TN PR

¥




}?‘

- 12 - iy
has I -% and the groun@ state has I = %_'- The excited state splits
into two (MI =+ %,-_I_- %—) whille the groun_d:staFe is not split because. its
quadrupole mqment vanishes. Both transitions are allowed. and the
spectrum observed is a two line gpectrum. In Figure 3, the Beperatﬁm
of the peaks 1s the quadrupole splitting A and the‘cen't':er“’o? the two

peaks relative to the source is the isomer shift(S).
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Figure 3 ‘ -
(a) Quadrupole Splitting (b) Resultant M3ssbauer spectrum
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2.2.c MAGNETIC SPLITTING ~ e
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~

-

A nucleus with a non~-zero spin has a magnetic dipole moment u

which can interact with local or applied magnetic fields at the nucleus.

?I'he Hamiltonian of the interaction is given by equation 16 where 8,

is the gyromagnetic ratio (nuclear g-factor) and Bn = e¢h/2me 1is the

nuclear Bohr magneton. C- '

s

-+

+ > +>
K(g) = -4+ H=-g B I:+H : (16)

~

N

The eigenvalues of X that are obtained using the first"prder pertur-

“bation theoxty6 are given by equation 17.

E, () =-uHM/I =-g B H M ‘ aan

Due to the magnetic Iinteraction, a nuclear level with a spin I 12 split

into 2I + 1

ized by the nuclear magmetic spin quantum number MI’ 'MI =T, é—l,...,-l.

equally

spaced sublevels. These sublevels are character-

For 57Fe, the excited and ground states have Ie = —3— and Ig =%
respectively. Both states have magnetic dipole moments and are split

by magnetic interaction. The Selection rule AI =1; AM =0, +1 gives

rise to a2 gymmetric six lines spec.trum as shown in Figures 4 and 10,

The isomer shift &

is given by the center of gravity of the six lines;

these have in general equal line widths but different intensitiesB, the

intensities are given as: g

= 3(1 + cos® 0)

= 4 sin2®

=5

I

O SR

|




oy

2
13 I4 1 f cos 8
® 1is the angle between the direction of radiation and the effective

magnetic field H. .

Except for mettalic iron, pure nuclear magnetic dipole interactions
are not encountered, but frequeg}ly the nucleus experiences both magne-
tic and quadrupole %nteractions. As a result, for the case of 57Fe
the sublevelé of 1 ='% state are no longer equal and the spectrum is
not symmetric. Many cases arise. One case 1s when the EFG tensor is
axially symme£ric and its principle axis make an angle £ with the

axis of the magnetic field.  First order perturbation theory yields

- 6
equation 18 as the general expression for the eigenvalues .

M |+ v
E =-g, Bn H MI + (-1) MI eQ —%E (3cos2 R-1) (13;:::

£
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MAGNETIC SPLITTING IN °'Fe
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CHAPTER IIT
. . : EXPERIMENTAL
3.1 METHOD . -

A Doppler Velocity V is applied to a sour.e (Section 3.2) mouanted
on a transducer driven by a Velocity driver (Section 3.3). The applied
vélo;ity shifts the initial energy EO of the emiEtéd gamma rays by a
value dE (the Doppler Velocity is considered positive when the: Source

1

moves towards the absorber and neéative when it moves away). Some gamma
rays are gggonantly absorped by an absorber pléced in between the Source
and the detector (whenever the energy of the emitted gamma rays equals
the excitation energy of the nuclei of the absorber). The gamma rays
which are trapsmitted through the absorber are transformed into pulses
proportional tq thelr energies by a detector and an amplification system
consisting of a pre-amplffier and an amplifier. A single channel
analyzer (Section 3.5) selects the la.é‘kev gamma rays only. The result-
ing pulses are fed inég f 512 multi-channel anadyzer (Section 3.4). A
time-base generator opens one channel after the other with constant
intervals of time; each channel coifesponds to a certain velocity of
the source. ' The acquired spectrum, stored by\tbé memory of the MCA,
as displayed on a cathode ray oscilloscope, consists of two¥parts, one
being the mirror image of the other. This 1s because of the particular
drf@lng sighal used. Figure 5 represents a block diagram of the experi-
ment.

wfihe spectra 80 obt;ined, may consist of one or more absorption

peaksy these peaks are defined by their heights, halfwidths, positions

and areas. A good spectrum is characterized by hazépg minimal errors
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' \ . in the calculated and observed spectrum. Errors in positi‘on of the

. peaks mainly arise from the non-linearity of the wavefgrm that drives

. oy the source. Several methéds hdve' been described in different texts to

.

eliminate this error.. The well known positions of the six peaks of

an iron foill are used for Velocity'Caiibration (Section 2.6).
. e .

- 4

The data stored by the memory unit of the MCA is transferred, to

:‘ . the. main CDC computer where it isianalyzed. ’fhe transfer procedure and

the system carrying the operation is described in Sectiom 2.7. While .

I3

description of the Computer Programme and analysis is dicussed in i

Chapter 4. ) o .

ft o ’ \ » - ' ’
T 3.2 SOURCE ) . !

The most commonly used isotope in M3ssbauer experiments is 5'il“e.

w N S,
/ Besides¥the great abundance 'of systems containing iron, the 57Fe nuclear
o ‘ parameters are very favorable. It has relatively low energy gamma

I3 A} ’ N
transitions, a large recoilless fraction at room temperature. A long

lived ﬁlarent nucleus, little interference from other gamma rays and

' x-rays, and a relatively ‘narrow line.

-

L
‘The source used is 57Co in a Pd matrix of few millicurie strength.

. ’ The dﬁcay schemg of 57Co is shown iri_ Figure 6 and the parameters of

the 14.4 Kev gamma tfansition_ a;e given rin Table 2.. ‘The souree lattice

‘ ) | should have a high Del;ye te;peratu’re 'and a symmetric structure so that
. | the gamma rays are n(;t modified by either electric quadrupole orr magnetic
ﬁipole ineeractions. The effe.active temperature of a Méssba\;er nuc]..eus

introduced as an impurity in a host lattice is given by equation 199

- where: Mhost and Mimp are the masses of t¥1e. host and impurity atoms

b
&
~,

respective‘t'ye {’?and BD the Debye temperature of the latticfe.o

4 " . -
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$ - .
' Mhost ) . :
Sets ™ O Gy ) . (19 ;
imp

Because of the host matrix, the 14.4 Kev' gamma ray undergoes an isomer

) -
ghift, Isomer shifts for ‘57Fe 14.4 kev telﬁtivg to sodium nitro puris-
side at room teznpferature are given in Table 3. (All isomer shift values

,reported'in this thesis are expressed relative to sodium nitro purrisside).:’

S7Co(t-;- = 270d)

99.87 Electron e ' »q
Capture

‘0.18%2 complex

YR

3 136.46 kev. - 8.8ns ’
+ , é
9% : . |91 7
| - . | f i
3 A 3
= . 14.4]7/4<ev - 7.7n8 | . q

2 i ‘

\ h i
1 0 stable. Fe57 J '
2 ¢
.57 " 57 i
0027 + B—l -+ FeZ& ,;
Figu';'e 6 )

1
'

DECAY SCHEME OF ~'Co
L] [‘ o
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TABLE 2 ' -

PRACTICAL PROPERTIES AND PARAMETERS]'O

Vol

Ey 114,41125+0.0006kev

half life time t%{vm) :97.7t0.2x10_193ec

Tatal internal conversion coefficient

' aT(ym) :8.18+0.16
Natural isotopic- abundance 12,197 L .
Magnetic moment of the ground state ° :+0,0904206+0. 0000001 2nm
/ . ' :
Magnetic moment of the first excited
state o ' : =0.15463+0.0002nm

Quadrupole moment of the first excited
state :4+0.196+0.008b

Cross Section o :2.569x10-]78cm2

. 0

"\ -
Natural {?n& witdth T +4.670x10 9eV

Observable line width W :0.1943 mm/sec’

0
Free atom recoil energy :1.958x10-3ev
TABLE 3
ISOMER SHIFT SCALE7

Mat;rial G(mmsec—l) .
NazFe(CN)SNo H20 . Or
Cr ' . 0.106+0.009 S -
Stainless Steel \0,17-_;_-0.02
a-Iron r0.260f0.002 ;
Pd ' ** 0.437+0.002
‘Cu ' 0.485+0.002
'Pt 0.609+0.006

§~ RELATIVE TO SODIUM NITRO PURRISSIDE AT 300°K

-
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3.3 DRIVING UNIT

9 .

The M8ssbauer effect Spectrometer is an apparatus which imparts a

R o I D SO,

4 ¢

Doppler Velocity or motion to the source. It also coordinates the cbunt—
ing rate at the detector so that the spectrum channel number will be a

function of the Source Velocity.

" The spectrometer used is the model AM-1, manufactured by Nyclear - i

Science and Engineering Corporation. It consists of three parts:

i - The Base Plate ~ a solid aluminium plate on which the trans-

ducer, the source and the absorber holder are mounted.

11 - The Transducer - a precision electromechanical unit which
provides a forward and retrograde motion to the Source with constant
acceleration. The operating frequency range is 15 - 50 cps and the
velocity range is 0 - 60 cm/sec. The linearity precision of the tri=- .
angular waveform 1is about 17 over 95% of the half period of the velodity |

waveform.

1ii - The Control Unit - a solid state electronic unit which
accépts a square wave signal from the address register of a multi chan-
nel analyzer. It contains input signal idealizing circuitry, triangu-

lar function generating circuitry and the necessary servo and D.C. power

.

amplifier required to drive the transducer. In Figure 7, the drive
g

velocity waveform, the corresponding channel advance, and an absorption

[y

spectrum for a single line source and absorber, are displayed.

N
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(c)
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SOURCE AND ABSORBER
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‘ FIGURE 7
(a) DRIVE VELOCITY WAVE FORM, .
(b) EORRESPONDING CHANNEL ADVANCE .
(c) ABSORPTION SPECTRUM FOR A SINGLE LINE
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4
3.4 MULTICHANNEL ANALYZER (MCA)

The MCA used is the Series 2200 - NUCLEAR DATA System Analyzer.
It consists of four units.
i - ADC - Analog to digital Converter: Is designed primarily for

the processing of amplitude modulated signal pulses such as encountered

-

1 . ‘
in pulse height analysis. Dataacquisition efficiency is enhanced by a

. 4
20 megahertz diglitizing rate.

i% -.Master Control - it contains facilities for estahlishing the
primary operating mdés (data acquisition, display, read in, read out)
and all the data handling functions of the system:. Analysis data may
be added to or subtracted from data previously stored in the system
memory. After. data has been acquired it can be subjected to operations
such as transfer from one selected memory group to another. Front
panel controls enable digital selection of memory gr;ups for data
storage, display, p'rocessing and read out.

‘ ii{ - Read in/out Display - it incorporates those features neces-
sary for selection of a particular read out (print, plot, type) or
control of the appropriate device, This unit is cdpable of driving
high speed digital printers and x-y plotters.

iv - System Memory - 1t is divided into three modules: the memory
scalar module, the memory drivers mgdule and the memory array module. The
memory scalar module contains the memory address scalar and register which
allows the content of a single channel to be transferred back into the
identical channel location of the memory. The memory Drivers module consists

of all the driving and sensing circuits for the memory array module which

permits proper handling of the data being stored. The memory array
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a

) .
module is designed in a manner that allows expansion’ up to the maximum

of 24-bit, 4096 channels where each channel can store up to 1 million

counts. 'j

3.5 DETECTOR — AMPLIFICATION SYSTEM

The detector used is a Si (Li) drift’solid state detactor,
manufactured by Simtec Ltd. model K-036 used with a Simtec P-11 HR/CN
pre amplifier and a Simtec M~31 linear amplifier. The detector area

is 50 mm2 and the window is Beryllium oxlde of Z‘\SOu thickness. The

.
Tt AN A

Simtec model P-11 HR/CN pre—ampli’fier is a cooled N-channel FET optimized

for Simte.c ultra hig}; resolution silicon and germanium pﬁoton spectro-

meter elements with capacity less than 10 p'icofarads. The detector

and the FET preamplifier are kept at temperature of liquid nitrogen.

Thisu ;équireé low pressure in the cryostat, which is attained by N )
mechanic;al diffusio;x pump and monitored by an'ion appendage pump control. a
The 14.4 kev gamma rays are selected by a Hewlett-Packard 5583A - Single ’

channel analyzerx. ) ) 1

3.6 CALIBRATION

The well known posftions of the s:Lx lines of a natural iron f'oil
were used to calibrate the velocity scan of the Mossbat;er spectrometerb.
This is needed to eliminate 'any error in the position of .t:he absorption
peaks of the different; absorbers studied. Figure 8 shows the_ splitting

between the three doublets of an iron foil‘spectrum and. the corresponding
. |

velocities for a 57Co source in a Pd matrixlo.

|
1
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| 0 &mnsec-l
o 1.677?

ox

6.167"5¢C
: mmsec-]' L
10.657 >
S — ) /71 L 3/ 1 i lu
. - 20,177 ‘ ‘ -1
~5.506 ~-3.260 ~1.015 +0.661  +2.906 +5.15.msec-
Vo4
)
' Figure 8 ‘ : 5.

SPECTRUM OF AN IRON FOIL

N\ | The use of atll‘ iron foil for calibration is justified by the

) vel"hfgity ranges during the experiment (4 -~ 10 mm/sec) and the assignmeilt
of the above velopcit:ies for the peaks ‘obtained in@ur experiment insures
.the elimination of any error in position and the parameters derived,
such as the isomer shift and the quadrupole splitting. Fig'ures 9‘ and

10 show the iron spectra obtained at 10 and 4 mm respectively.

3.7 DATA TRANSFER

Analysis of the absorption spectra by progre;mme MOSSBR and the
University Computer facilities, is outlined in Chapter 5. Transfer of
the data stored by the memory unit of the multi channel analyzer to
the university main computer (CYBER), was ;;arried through two Computer
Systems via the tw? main steps as outlined below.

\
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A. LOADING OF DATA ON MAGNETIC TAPES o

The ability of the "read infout - display" unit of the multi

channel analyzer to drive plotters and fast printers, has been explained

in Section 34 Figure 11 shows the set up for the 6809 Computer
] 1

System (Southwest Technical Prod. Corp.) which was assembled and

programmed with the aid of the expertize available in the Physics depart-

[

ment of Concordia University.

T. REC. 6809 ) MCA

TTY . )

MIGURE 11

SCHEMATIC OF DATA-~TRANSFER ARRANGEMENT (6809)‘

The 6809 1is linked to the MCA, Teletypé and tape recorder by an MP-LA

o}

parallel interface board and two MP-S Serial interface boards respectively. *

The Commands that drive the System are given through the te'letype.‘.The
dafa is read to'the ‘memory of the §809 from the MCA, and then recordéd

on'magnetic tapes by a tape recorder (relevant programmes and steps are

listed in Appen'dix 0y

(>3
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B, LOADING OF DATA ON CYBER

The procedure followed 15 simllar to that of the previocus step A.
b
The data is read from a magnetic tape to the memory of the MSI 6800
. A Y
Computer System (Midwest Sclentific Instruments) and then from the

6800 to' the Concordia CYBER. The set up is illustrated in Figure 12,

the Commands are given through a teletype or a video, whilewthe Program- .

mes that drive the system and perform various operations are stored on

discs; the disc drives are shown in Kigure 12 also (Progrﬁnes and

steps are listed in Appendix C) . !

/

6800 ! DISC DRIVES

o

PLOTTER

VIDEO/ TTY

u

FIGURE 12

SCHEMATIC OF DATA~TRANSFER ARRANGEMENT (6800)
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CHAPTER IV

Pro-sndnandoad Sedor et Bnas Ll

IRON IN MINERALS

.

L . o 4.1 CHARACTERIZATION OF THE OXIDATION STATE OF IRON-
Fd .
' COORDINATION NUMBER

Since the early investigations of iron compou’nds,.a correlation

of the isomer shift § with the formal oxidation state of iron was

- established. The isomer shift is sensitive to the spin state of iron
in a complex compound. As a result, the §-values of high spin iron
(5 = 2) appear in 'a region well seperated from the §-values of low
‘ spin iron (S = 0). Where S 1s the spin quantum number. Figure 13.
A . . . 3'1 .2 ] lﬂ s + '
- -
Yy +0.6} . o ’
v 2] g
Q, >
« g Qr ,
’J ) .
° : //// .
/ LY
=7
’ ~-0.64
LS
' 3 . - . - %
“1.27 o + 2+ _ 3+ b+ " 54 6+
' Fe _‘Fe Fe Fe Fe Fe Fe
Figure 13
57

Fe ISOMER SHIFT DATA. IN VARIQUS TONIZATION STATES INDICATED

"BY ,BAIiS,' AND IN HIGHLY COVALENT MATERIALS INDICATED BY SHADED
- 19

¢ AREASB..
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Table 4 below shows that for iopic iron (high spin) the §-values
. become more posir&v_e with decreasing oxidation states‘, and the S-ranges

for different oxidation s$tates of“high spin iron hardly overlap.

4

TABLE 4 ° - ‘
ISOMER SHIFT. () - FOR HIGH SPIN IRON :
. ) /\\ . ‘ ) L]
' Oxidation state: +  +2 3 + +5-7 .

b

LA

Isomer shift (mm sec-l

): 2.2 .4 0.7 02 =046

For low spin iron II and {irch III the §-values do overlap
. R e
and it is very difficult to distinguish compounds using S§~values only.

However, in this case the quadrupole splétting A-values which range

from 0 to +0.8 mn/sec for low spin, iron II and from 40.7 to +1.7 m/sec

for low spin iron III can'be very useful. .

[

"The deéend‘ence laf the. isomer shi'ft on the electron configuration

was discussed before in Section 2.2a. _Table 1 showed that the s-orbitals

]
9

“‘are the main contributors and that the difference in d ities originates . =

from changés in the 3s shell. The removal of .3d electrons leads to an
increase in the electron density at the fucleus due to the shielding

s of the 38 electrons from the nuclear charge by 34 electroms. While add-

*

X " ing 48 electrons increases the electron density at the 'nucleus and

-

37y,

‘gauses the isomer shift to become more negative (-gB +is negative for Fe

The widespzead ranges of the '§-values. fc\>r each oxidation state is'a’
direct consequence of the nature of the chemical bond and the capabilities

of the ligands to gonatg or accept électrons from 'ttie iron metal via

- "

Ve iy b s 0 s+ 1 oAl S

3
3
i
i
ft




{
g~bonding or mw-bonding respectively.c
) -

In minerals, iron is conclusively ferrous-and ferric. The §-

values for these two high spin states vary around the mean values
b

© A

1.4 mm/sec and 0.7 mm/sec respectively. The variation depends on the

PSR,

coordination nhmbex;, site symmetry and type of ligand. 1In Mossbauér

analysis the determination of the oxidation state is valuable because

of “the certainity it provides over other techniques such as x-ray or 3
‘o H

chemical analysisB. However, in few minerals the oxidation state |
cannot be assigned readily. . e.g. pentlandite (Ni,’ Feg,) SS which has

two quadrup(;vle doublets of isomer shifts 0.83 and’ 0.62 mm/sec. "These

values have been attributed to electron exchange where the oxidation

3

state is'in between Fe2+ ‘and Fe3+. Téﬁle 5 shows how the isomer

oot s e Wl WA

shift is correlated to the cootdination number in minerals. The -~

fact that the 8-values generally increase with increasing coordination

»
e e i

number is very useful in assigning the structure of iron in a ’certain

fav e

g

L 4
species, but the limited variation of 6 and the anomalous behaviour

in some minerals makes it necessary to use extra information available

E R

from Msssbauer analysis and from other techniques.

5
.
£
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" TABLE 5

© MOSSBAUER §-VALUES FOR VARIOQUS ELECTRONIC

3

S TATES AND COORDINATION NUMBER

I3

-

prery

Mineral or Spécies ' Type .of Iron § imsec
' 2+
Almandine garnet 8 coordinate Fe 1.56
Silicates 6 coordinate Féz+ 1.30 = 1.43
Staurdite 4 coordinate Fe2+ 1.22 ;
Spinels 4 coordinate Fel' 1.07 ” X
Glllespite 4\coordinate Fe?' 1.01
p ‘
(squdre planar)
- . 3+ :
Epidote 6 coordinate Fe 0.61 .
* 3+ ) 3
Amphiboles 6 coordinate Fe . ").65 i)
. ‘ ' i i
Iron orthoclase ° 4 coordinate Feo' 0.72 } .

4.2 CORRELATION OF THE QUADRUPOLE SPLITTING WITH STRUCTURAL VARIATIONS

v

et Dl -

Figure 14 shows the variation in the quadrupole splitting A
against coordination number . Variationsg in A-values are related to

struétural effects by consideration of the field gradient expressed

earlier by equation 13 of Chapter 2.
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Figure 14 ) .
VARIATION IN QUADRUPOLE SPLITTING ‘/
.(A) VERSUS COORDINATION NUMBER®. , ~ |
For ferric irom in minerals, we suppose Q . 1s zero and the
valence '
quadrupole splitting observed is due to Qlattice only. The ferric

#

quadrupole splitting is expected to increase as the distortion from
+ 3
octahedral symmetry about Fe3 increases . Ferrous iron gives rise to

a large Q term, ‘the distortion from octahedral symmetry being

valence

small, a verf large A results. Broadly the A-values decrease as the
-
distortion increases, Figure 15. ~
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FIGURE 13

i QUALITATIVE RELATIVE DISTORTION FROM
OCTAHEDRAL SYMMETRY VS A IN SILICATES3 ///

The above distortion theory is very useful for the assignment of
ferrous positions in silicates for instance, the ferrous iron of the

pyroxene M2 and the amphibole M4 Crystal sites give a smaller A than

B

the Pyroxene and Amphibole less distorted sites respectivei
23 y

as expected. However, the distortion treatment cannot be applied

I
b4

conclusively because of many deviationg such as, the ?yroxehe Ml and
1 ] l
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)

the Amphibole MZ Crystal sites. Where the variation in distortidn

is weak but. A may vary up to lmm/sec and 0.4vmm/se9_in the dhove

'

‘sites respectively. 5
C N

The large variations are attributed to the contribution to the
Qlattice by the other factors such as the effective charges on the
oxygen atoms, the sfrmmetry and charge on the neighbouring cations,

. oy 2
silicons and oxygens as in the substitution of Ca2+ for Fe * in the

orthopyroxene MZ and the cummingtonite M4 which influences A markedly.

. s

Contributions by other factors are usually difficult to estimate and

the distortion criteria is useful which applied with caution. '

T
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CHAPTER V

ANALYSIS OF SPECTRA

LS

5,1 COMPUTER ANALYSES - METHOD

y o
!
The absorption line shapes of minerals using sources with narrow

lines, such as 57Co embedded in Pd matrix, have been found to be ideal

-

LorentziansB. The intensity of a Lorentzian-shape transmitted gamma

beam, as a function of its eneréy, has the form of equation 20

I(v) =b - L(0) 3 (20)
1+ )

a

1(0) 1is the ipténsity at the resonance velocity V(0), I' the full width

at half height of the absorption line, and b 1s the background or base-

line intensity.

For n 1lines, the above function 1s represented by equation 21.
(0,

I(v) =b -1, ERION

L+ )

(21)

The n 1line spectrum is a function of 3n+2 parameters; position, width,
- and intensity of each line, plus the background and slope of the background.
The best fit ideally should correspond to the minimum weighted sum of

squares X, as given by equation 22.

2= 1 we [Ic - I(Ve/ )‘2( | (22)
c§1 qi !

@

v
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where n is the' number of channels fit; Ic the observed count at

denotes the

channel C; I(Vc/qi) is the transmission function; ay

3n+2 parameters, and Wc is the inverse of the variance foy Channel C.

Initial estimates are chosen for the 3n+2 parameters, and using

ax?

55— = 0 for each qi, corrections are determined for each. qi such
i
that X2 is minimized. The procedure is repeated using the corrected

estimates from the previous iteration, until X2 reaches a minimum.

The fitting mentione& above 1is caréied through the programme MOSSBR
(Aﬁpendix B). MOSSBR consists of a main block and several subroutines.
The main block reads in the data, applies corrections to it and prints
the results. Subroutine FUNC calculates the function derivatives; subrou-
tine CURFIT carries the least square fitting; subroutine MATINEV is for
matrix inversion and accompanying, solution of linear equations;Subroutine ™
JACOBI is for matrix diagdnalization through successive rotations, subrou-
tipe EXAM applies corrections to the eigenvalues if any 13 zero or negative
otherwise the fitting will diverge, while subroutine PLOTB plots the raw

~

and calculated spectra.

5.2 LINE SHAPES -~ MINERAL SPECTRA

-~

-
v

The spectral shape of an emission line centered at an énergy ES with
a natural width FO’ when a Doppler velocity V is applied; is given by
the distribution of equation 23, known as Breit-Wigner, or Lorentzian dis-
tribution6.

r
0 1 -
IE,V) =5 5 = (23)

v 1
E-ES-EY(C) + (21“0)

R A

AP R

e



tion as given by equation 267.

.
» v

I1f the emission line is broadened; .it is sufficient to replace PO in
) 3,6

equation 23 by an effective line width Ts . The experimentafly deter-

mined full width at half height rex is usually expressed as equation 243~

/

T =T +T +0.27 T X (24)
' ex a S n

fn is the natural line width as determined by the lifetime of the excited

state, while X 1s given by equation 25. ' QX
' . X=n faco (25)

n 15 the number of atoms of the Mossbauer isotope per cﬂg; fa the

recdﬁl free fraction of the absorber, and Uo is the maximum cross sec-
. o

T ST
o Zm 21 +1 o +1
g t

e (26)

Ie and‘ I8 are the nuclear spins of the excited and ground states

respectively; at is the total internal conversion coefficient. o

In order to get Symmetrical Lorentzian lines; very thin aE?orbers
must -be used (not ;;ceeSan 10 mg per cm2 in the case of iron). If this
is obeyed, the last térm in equation 24 is minimal when compared to Ta
and Fs3. Otherwise the shoulders of a 1line méy deviate from the Lorentzian
shape. A line can also be broadéned by the’'cosine angle effect, when fhe
source is too close to the detector. This depends on thé.areas of the

source, the detector and the distance seperating them from the absorber.

However, this effect is easily minimized by applying corrections to the

i N y
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be exp:éssed as equation 27
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spectra or by collimation of the gamma beam, .

Mineral spectra are often characterized by the presence of two
or more quadrupole aoubleté with cloge absorption peaks; f.e. an absorp~

tion envélQ?e may consist of several llnes, non-resolved visuaily, and

a fit may diverge if the initial guess of the number of lines, or the values

of the parameters are far from theér true values. To overcome the
fitting difficulties, the use.of constraints (such as assigning the inten-

sities or the widths of a doublet to be the same) was juétified, and the

@
»

weighted sum of squares (XZ) value was regarded as an indicator to the

goodness of a fit3’1l’12. An acceptable XZ value should lie within

v

é 5% difference from the total number of degrees of freedom of a certain

fit where the number of:degreedwof freedom is the number of fitted channels

and parameters. However, the X2 value is sometimes misleading, since

it.may drop when the number of' fitted lines is increased, and the best -

fit does not always correspond to a minimum of X2 ll:

In such a case the @
®

parameter values are taken as a guide; for instance, the line width and

the intensities of a doublet are expected to be very close when the resolu-

[y

tion of a spectrum is satisfactory and the base line is linear.

The use ‘of constraints is helpful when the. number of absorption pedks

in a certain envelope is high, or when a certain quadrupole doublet, over-

lapping another doublet, accounts to less than ten percent of the total
absorption. It should be mentioned also that it is very difficult to

resolve peaks contributing to less than 5 percent of the total intensityl3.

5.3 ESTIMATION OF PERCENTAGE COMPOSITION

For non-overlapping Lorentzians, area ratios for thin absorbers can
1,14

LR e ST W SV
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A N
A A
C 3 27N

% - M

a
. » S

\ > -
where A, and AB are the areasvof lines A and B respectively; C a
~ A ,

constant given by equation 28; NA and NB are the numbers of Iron

atoms at sites A and B respectively.

a

’ FA G(XA) fa -

: c=zt A -2 @)
f, %) I, ,

In équation 28; T 1is the line width, G(x) represents saturation
corrections depending on the thickness of absorbers; where for very thin
absorbers G(x) approaches unity. fa and' fb are the recoil free

fractions fof A and B.

. ?or silicates € 1is almest unity or verv close to it3, implying
equal line widths, no isotope fractionation between sites and that the
f-factors qré identical for each iron atom in everv mineral. However, the
usual overlap of lines in silicates (Pyroxenes)‘makes it eifficult to ap-

ply the method quantitatively.

An alternative method derfves the fractiéns from iﬁtensity ratios
Qirectly. As is the case in estimating fractiohs of irom of the M1 and
M2 sites in orthopyroxenes, where the widths are in general equallé.

The standard error '%- of the line width is about 10-15 times- larger than
the standard erro; %l of. the gorg§§pond1ng peak heights. The areas of
Lorentzians, being propor¥ional to tﬁe product - Ix; Fhe relative line
errors in widths and areas are due to the strong overlap of Lorentzian
tails, even when the peaks are well seperatedl6. The relations given by

¢
" equation 29 are for a two doublets fit, where I refers to the intensity,

v

R i

eta.

.
A
n
3
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A and B are the two doublets, where the sui:scripcs 1 and 2 refer to

the low and high velocit‘y peaks respectively; T(Ml) and 'I(Mz). are

the fractions of'iron at sites Ml and M2 regpectiyely’

TOL) = [1(A)) + I(Bl‘)l{[I(Al) + I(3)) + I(a,) + I(Bz)j

T(My)) = [I(A)) + I(B,)]/[I(A) + I(B)) + I(A) + I(B))]
(29)

In Chapter-6, explanations are provided, as to which method is used- for

the estimation of iron sites.

- N 2

OSSR
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. ', CHAPTER VI

RESULTS AND INTERPRETATIONS - PART I

6.1 ESTIMATION OF IRON SITES IN BULK SAMPLES

- The samples studied are E288.C; E282.1, and E294 (for samples des-
cription see Appendix A). Each sample was crushed and then powdered.
Absorbers were prepared by enclosing an amount of powder (iOOmg) between

.

two circular plastic sections of diameter close to an 1nch3k The absorp-

-
éion speetra for the abo&e three samples are shown in|Figur 5 16, 17 and’ 1T
18 respI:tively. The results ‘obtained by computﬁerv an#lysis\are listed ) ; Q
in Tablé 6, ' ‘ .o %

, | ‘

Initial spectra of these samples revealed the presence of magnetite ' g
in small amounts; the magnetite lines were very weak to analyze. For

_later runs, the magnetite was removed by means of a ha¥d magnet. No
o {
absorption lines due to any magnetite left appeared.

1

Sample E282.b ‘gave a single doublet spectrum. The quadrupole

¢

splitting and the isomer shift of this doublet are characteristic of o
B i 3
ferrous iron in pyroxenes. The width,bf the lines is more than expected
: 4
from-a single mineral (using 57Co in a Pd matrix, silicates line widths

‘ |
are up to 0.35 mm[sec)7, especially .the low velocity peak| However, due

to the very weak absorption (1.22), trials to resolve the lother lines
: |

s Bt ™

failed.

L]
LN




KM e by oy

- ) ' (- A v h 1
“ ,5 . - . e * . = - - ;.. \
- 0°8gZd FIANVS 40 RAULOIAS WANVASSOH - S
.+ 91 TNOIA Cs T e -l
. LA . * 4 :
3 e Lo ‘

: : S LT+ " -
-2 .
.
.
- =3
. w
m
) o |
i ou
@)
, 2
- by 3
te
Vo a
- P
Taewoa
covn
- - )
. &
) v - M w
- e . .
B , . .
. { . ‘
N . .
N . .4 ~ - . - .
) N * : : T e X Feibnrtn S atm e e T e sl coad o ikebaoh Sk #
B - N



Bl

- 44

a

(998 /um) XLIDOTAA
T oo

. |

e

> . - -
q°Z8Zd FT1dWVS 40 WNULOAAS ¥ANVASSOW e

© (T 340OTA )

.

v e 4




5o

it ~ e y
= - ~ -
\]
% NOILdX0sSqV :
Y

+3
.VELOCITY (mm/sec)

FIGURE 18

MOSSBAUER SPECTRUM OF SAMPLE E294
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TABLE 6

CALCULATED PARAMETERS OF THE BULK SAMPLES (A, § and I ARE IN MM/SEC.
NUMBERS IN PARANTHESES ARE ERRORS TO THE LAST DIGIT. ERROR IN IRON

RATIOS IS UP TO 5%)

SAMPLE ~ E282.b E288.C E294
ACLLYY  1.98(2) 1.99(2) 2.03(2)
. 8(11") 1.43(2) - 1.46(2) 1.46(2)
A(22%) .- ' 0.65(4) 0.56(2)
§(22") - 0.53(4) 0.66(2)
A(33") - - | - 2.66(4) .
§(33") - o - 1.64(4)
r1, ri 0.45, 0.39(2) | 0.35, 0.35(2) 0.31, 0.31(2)
rz, ra' 3 - - 0.39, 0.39(4) 0.32, 0.32(2)
r3, Ty’ . - - - - 0,27, 0.27(4)
Fe(?.l')\/ZFe 100 s 75 ,h 25
Fe(22')/IFe - 25 N 68
Fe(33')/LFe - . | - 7
x> ‘ 309 219 268
max ab.  1.2% ' 2%

The spectrum of the sample E288.c was resolved into two quadrupole

4%

doublets. The isomer shift and the quadrupole splitting of the doublet

lat®lled 11' are cllose to that of s‘ample E282.,b 1.e."it is assigned to

‘ferrous iron in pyroxenes. The weaker doublet 22' has its parameters

17,18

‘(Section 6.5).

| POV

9]
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The two outer doublets 11' and 33' of the three doublet spectrum
A

of sample E294 were assigne ferrous iron in pyroxenes, while the
~ ) . .
gn

intense doublet 22' was assi to ferric iron entering the silicate

structure (see Chapter 7).

The percentage composition of the different iron sites was derived

using area ratios.

6.2 PYROXENES -~ STRUCTURE .

Pyroxenes are an important group of the rock-forming ferromagnesium-
/
silicates, which have a wide abundance in nature. The majority of the

pyroxenes present in igneous and metamorphic rocks can be considered as

members of the system shown in Figure 19.

‘ £
L] ’ ‘ .
(Ca,M)Si.0 . X \
’ 2% ¢ - (Ca,Fe.)S:I.ZO6 .

Diopside’ edenbergitd
(MgSioaf; (FeS10,)
# Enstatite o ‘ Ferrosilite

\
h S
'FIGURE.19 )
- - Mga.Si -
PYROXENES IN THE SYSTEM CaFeSiZO6 CaMgS:LZO6 Mgz 206 Fe231206
. v . * " .
-3
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The ;;yroxene crystal structure is roughly divided into two groups -
a structure close to the diopside-Hedenmbergite structure (clinopyroxenes)
and a structure characteristic of pyroxenes lying on the Enstatite-Fer-

rosilite line (Orthopyroxenes).

The characteristic py'x.:oxene structure, is the\.lsinkage of 5104
tetrahe_d%a by sharing two out of four cormers to form.con’tinuous chains
of composition (3103)n; iee Figure 20. Thg chains are linked laterally
by cations (Ca,Mg,Fe, .. ) but may havé relative ciELsposition; different
arrangement of chains lead to the main sub‘division of pyroxenes

(monoclinic, orthorhombic) 19 .

® Silicon O Oxvgen

-

f
: FIGURE 20

IDEALIZED ILLUSTRATION OF A SINGLE PYROXENE CHAIN (5103)n AS SEEN IN
THREE PROJECTIONS (a) on (100), (b) ALONG THE z DIRECTION, (c) ALONG
THE y DIRECTION, AND (d) IN EERSPECTIVElg.

£
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- FIGURE 21

~

CRYSTAL STRUCTURE OF DIOPSIDE, CaMg 51206, V'IEWED"\ALONG THE a AXIS.
R 20 .
Ml-Mg My=Ca . .
¥
».

A general chemical formula for the pyroxene group, proposed by

Bermann (1937) and later slightly modified by Hess <l94'9’) may be exf)res-
\ ’ . . .

sed as 19
1
(W1 p 5T 14520
) where )
\ 24 . ’
W = Ca,Na; X'= Mg, Fe” , 'Mn,Ni,Li;
Y = Al,-Fe3+,nCr,T1,’ ahd Z = S1,A4,

A\ ]

‘In the orthopyroxerm.sSeries P = 1 and the content of Y ions is small.

In the cliﬁopyroxene series; P varies from zero (eg. diopside; where y

S

| NS
7
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is small, and Aegerine - Jadlete in which X is small) to 1 (eg. Spodumene) . :
Normally,' there are two crystallographically distinct positions in the
pyr:)xene structure-label}ed Ml and Mz. In the orthopyroxene structure,
cations in the M1 position are coordinated to six oxygen ions, each

linked to one silicon atom in a nearly regular octahedron (six coordinates
site), same as in the cliné;p'yroxene diopside struc’:ture; see Figure 21.
Ho“dever, the Ml octahedron in diopside is more distorted t}/\an‘ in
orthopyroxeneSZl. The MZ position in the clinopyroxene diopside

structur; is an eight coordinated site occupied usually by Ca"_+ ions, while
in the drthopyroxene hyl;ersthene structure M2 is a six coordindted site

and may be a five coordinated one, same ‘as that occurs in synthetic

ortheo ferrqsil:l.te22

Though many pyroxenes have only one structural type, the space
group changes from Pbca for orthooyroxenes to P21/c for Pigeonite to

C2/c for diopside hedenpergite. In clinopyroxenes, the type of

N

structure is determined by the charge and the size of cations entering
23 + ' 2+
the MZ position ™. TLarge univalent (Na ) or bivalent (Ca” ') cations
are responsible for the diopside type structure (space group C2/c), small
univalent cations (Li+) are responsible for spodumer{e' type structure

(space group C;) and small bivalent cations (Mg‘2+) for the clinoenstatite

type structure (space group P21l/c).
' ¢

In the next two sections determination of iron ions entering the

different sites is discussed in detail.
’ e

6.3 ORTHOPYROXENES (Mg,Fe)

251,04
Four orthopyroxene samples were studied. They are labelled CGW1;CG3;
CG5 and CGl2; (for sample description see Appendix A). Absorption

-

PR
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)
spectra are g.hown in’Figure 22, 23, 24, and 25 for the above four samples
respectively. The calculated parametefs are listed in Table 7. Prepara-
tion of the absorbers follo;eed» the same procedure outlined in.Section
6.1. However, the orthopyroxene samples wérA considered to be pure
crystals; this was confirmed by their absorption spectra, which showed that

the absorption peaks are due to one structural type only.
' o

TABLE 7

CALCULATED PARAMETERS OF THE ORTHOPYROXENES (4,6 and T ARE GIVEN IN MM/SEC.
THE NUMBERS IN PARANTHESES ARE ERRORS IN THE LAST DIGIT. ERROR IN PERCENTAGE

7

COMPOSITION IS + 3%).

SAMPLE SGWL L €G3 CG5. . CG12
A(IL') To2.50(5) 2.64¢5) - \\<
(1Y) 1.37(3) 1.40¢3) | - N
reL,1t) 0.31(2) 0.28(2) - -~ |
22ty 21100 - X 2.09(2) 2.11(2) 2.13(2)
5(22") 1.34(2) 1.34(2) 1.36(2) . 1.35(2)
rez,2") 0.33(1) ‘ 0.31(1)  0.36(1) 0.35(1)
A(33") . 0.49(5) 0.34(5) 0.35(5) +  0.55(5)
§(33") 0.69(5) Aq,o.se(S) 0.65(5) 0.74(5)
r, 3N T 0.31(2) | o.?z(z) ©0.27(2) 0.35(2)
Fell'/: %C“ 8.67 10.5% - -
re22'/gF& 91.4% 89.5% 100% 100
| zn?’“/z—ué‘j‘ o eax 96 " 9%z - 953
Fe?’“/zpe‘ﬁ" ' 6% ' 4% - 4% 5%
3 l }g2 ‘ % 209 250 . 257 . 286

e

k¢

-. s

max. abs.

i
,

\ ) 9% | 9% . 8% 9%
I

! .
. .
. - .
. .
'

( . . . .
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The assignment of thé orti\opyroxeng‘spectra follows the interpreta-\;

tion of Evans (1967)12. Fe3+ free orthopyroxenes give rise to two

quadrupole doublets at most. One doublet due t6 ferro-us iron er‘ttering

A\PJ 3
site while the other is due to ferrous iron entering the Ml site.
’

the Mz

Our samples showed a weak doublet assigned to Ee3 in t\\eaﬁl or M2 sites,

however, ferric d{iron accounted to no more than 67 of the total iron Q

presént (see Table 7). The intense doublet of the ferrous ions is assigned

to the M2 position because accordipg to the preférence criteria Mg

preferably fills the M, crystal site. While iron enters the more'

1
" distorted szsite. Since the quadrupole splitting dectreases as the dis-

tortion from octahedral symmetry increases, the doublet due to the Mz site ’ }

has a smaller A7. Similar and varying explanations were given to the

larger A of the Ml site. Virgo and Hafner (1972) interpreted the sit~

uation as "crystal site with the larger radial distortion index generally
exhibits the smaller splitting". Greenwood and Gibb (1971) interpreta-

\
tion is" at M, presumably there is a larger lattice term in the electric ’

field gradient which partly cancels the contrﬁﬁion from the valence

electrons'.

/

The works of Nozik and Kaplan (1967)26 showed that lattdice contri-~ ;
+ . .

bution for Fe2 is usually negligible or, in extreme cases, amounts to

only 15% of the total quadrupolé splitting, the major contribution being

that of the ground ‘state electron configuration.

Walsh and Donnay (1974) diSmis;ed the above explanations as not
satisfactory; basirﬁg their argument on \Iozik and Kaplan results concluded
that "Since the ground orbital states at M2 is different from that of
Ml’ the. quadrupole spliéting will also be different. The type of

o

distortion controls the resulting ground orbital state and the .
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magr;itude of distortion determines the temperature at which the excited

orbital states becomes populated and the quadrupole splitting starts to

‘decrease. So predictions about the ratio of the quadrupole splittings

cannot be made without investigating the electronic states at Ml and MZ"'

”

Though there are many different arguments but.the assignments of

the duadrupole doublgts has been agreed on by all previous works.

s

«
/ ~ N =

L ‘ o
B . 10 -20 30 40 50 60 70 80 90 100 ‘ o .
. . : Fe/(FetMg) % .
N < . . ’ 6 W . .
, _ FIGURE 26 : ., \ :
. ' . 4 -
QUADRUPOLE SPLITTING AT M. AND M, VERSUS THE RATIO Fe/(Fe+Mg) IN ORTHOPYROXENES

1 2
(VALUES ARE LISTED IN APPENDIX D)

. . -

L)

Figure 26 shows the variation of A at M; and M, against the ratio Fe/
' -

(Fe+Mg). The variation of A('Mz) is found to be a linear one. This was .
, noticed by Bancroft t1967)13. Though Bancroft suggested that A(Ml) follows
.a similar trend, but Figure 26 dismisses such a relation. fiowever ‘the r

values of 'A(M&) usually hdve a much larger error than A(Mz) due to the

'difficul;:y in resolving.its less intense doublet overlapping the MZ' e
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cioublet:, eapecially when the ratio Fe/(Fe+tMg) is less than one half]'5
This is the case in the samples CG5 and CGl2 where the doublet at Ml
could not be resolved, though the slightly larger line widths of the

doublet due to Mz in thege samples suggest that a very small percentage

of Fe2+ enters the .Ml site.

The distribution of iron at the Ml and M2 crystal sites in
orthopyroxenes with a varying ratio Fe/(Fe+Mg) was studied in details by'

Virgo and Hafner (1989, 1970) 15,27 (fractions of iron at the Ml and M2 -

gites for different iron ratios as derived from Mossbauer analysis at

>
‘

liquid nitrogen temperature, are listed in Appendix D). Their analysis
shows that site M1 has usually less than 127 of total iron in orthopyroxenes

where Fe/(Fe+Mg) is less than one half. As Fe/(FQMg) decreases the

. ratio of iron in the site Ml decreases; it becomes very difficult to

resolve that doublet, especially at room temperature. The isotherms
derived from heatiing experiments on natural orthopyroxene crystals in

0
the range 500-1000C are shown in Figure 27. Virgo and Hafner found

—— ,
that an Fe™- ,Mg distribuFion is close to ideal (ordered) in the region

: '

: +
0<x<0.6 where X-Fe2+/ (Fe2 +Mg). Figure 27 shows that orthopyroxenes
from granulit:es and plutonic rocks have an equilibirium temper%ture of

480 c wh?Lle volcanic pYroxEnes show""?a disordered Fez , Mg distribution

of 500 C - 600 C equilibirium temperature.

»
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) .
PLOT OF Fe * SITE OCCUPANCY AT Ml AGAINST MZ OF NATURAL ORTHOPYROXENES
THE SOLID LINES REFER TO EXPERIMENTALLY DETERMINED ISOTHERMS AT THE
INDICATED TEMPERATURES; ©® _ORTHOPYROXENES FROM METAMORPHIC IRON FORMATIONS
IN QUEBEC;8-FROM GRANULITES IN CEYLON AND MADRAS AREA;0 - FROM GRANULITES; '
X - FROM VOLCANIC ROCKS>. '
i - 4
. ,/ ‘ .
The Ml’ MZ distribution in the four samples studied suggest that
their (Fe/FetMg) is less than 302 and are Srdered in the range 480°C-500°C.
2 ) . , . .
~ 6.4 CLINOPYROXENES P
’ @
Six clino pyroxene samples labellﬁl;C%;CGB;CGll $CGl14;
: CGW3 (See Appendix A) were Es_tudied. Their absorption speci:ra are shown
. in Figu'res 28, 29, 30, 31, 32 and 33 respectively. While ghe calculated

.
.
~ °
Rl
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parameters are listed in Table 8,

-

Unlike the oythopyroxene series, where structural changes are due
to variation in the Fe/(FetMg) ratio, clinopyroxenes usually have other

numerous subst%ﬁations. In calcic clinopyroxenes (diopside-hedenbergite
' A !
line),, only the ratio of iron to magnesium 1is ‘variable. The spectra
\\\\_/
obtained are analyzed easily because iron i3 exvpected to occupy
?
the Ml site. Since site M2 is filled by calcium, and 1if there is no
calcium deficiency, the spectra should consist of one doublet due to

2+ ;
Fe ’ pesent at site Ml. This has been affirmed in natural samples very

close to the dioppide-hedenbergite line28 and in synthetic pure samples29

If there {3 no calcium deficiency and more bhgn one quadrupole doublet
{s present ~ one doublet must be due tolimpuritieszs. Figuée 34 showg
the variation in A(Ml) Against th »réti Fe/(Fe+Mg) (Sources of data .
are listed in Appendix D). The va tipﬁ is not;ced to be linear, the-
non-smoothness of the curve is attributed'to the effect; of different

cations especilally in natural samples on the quadrupole splitting.
4 ; . - )

Sample CGW, spectrum was resolved ii@o one doublet only. It is

3
due to ferric iron in the M1 site as expected from the chemical struc-

3+
ture of aegerine (acmite), NaFe 51206.

The parameters are analogus
to those given by Angelis and Sgarlata (1979)30 in their study of pyro-
xenes from central Sweden, where it is reported that ferric iron entérs

the M

1 position only in the crystal structure, which is similar to the

diopside structure. ’ . .

3 mn
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H
4
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TABLE 8

\
~

CLINOPYROXENES CALCULATED PARAMETERS (A,§ AND I' ARE IN MM/SEC, VALUES
IN PARENTHESES ARE ERRORS IN THE LAST DIGIT, ERRORS IN IRON RATIOS

—

ARE UP TO 5%
. _ .
SAMPLE cell CG6 cal4 ce8 CGL  CGW
a1y 2.15(2)  2.47(2) 2.80(2) ' 2.62(2) 2.75(2) - - ' j
s(11") 1.38(2)  1.46(2) 1.40(4) 1.38(2) 1.40(3) - g
r(1,1" 0.36(2)  0.36(2) 0.27(2)  0.29(2) 0.35(2) - §
(22" 2.72(2)  1.93(2) 2.40(2) 2.18(2) 2.46(2) - %
5(22") 1.36(2)  1.40(2) 1.35(2) 1.39(2) 1.35(2) - §
T(22") 9.28(2)  0.37(2) 0.30(2) '0.34(2) 0.35(2) - _é
ey YT T e ves@ 2ae -
5(33") - - 1.33(2)  1.38(2) 1.37(3) - g
r('2) - - v - 0.32(2)  0.34(2) 0.33(2) ' - j
AC44") B 0.48(3)  0.54(4) 0.43(4) - 0.55(3) 0.35(2) %
§(44") - ‘0.31(3) 0.74(4) 0.62(4) - 0.71(3) 0.63(2) . |
r2'2) 0.38(3)  0.32(D) 0:36(2) - 0.35(3)° 0.40(D)- - - - ——
| _ Fe(11%) /zPe’’ 6% 22%  10%  13.21% o lom - N
Fe(22') /zFe?t 2 787 204 63.4% 451 -
Pe(33') /irelt - - 707 23.4% 451 - ?
Feo ' /iye 197 101 297 - 327 100% 3
re’ /sFe 8lx. 90z 71%z  100% 687 - 2
% 272 238 249 252 286 330 3
max a.b. oo 1:7 7.3 7.1 8.7 3.6 11.5°

- - wtoe b ) e s e R R @ i ——
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2.3 1

2.2 -

2.1 ¢

2.0

Amm/sec

1.90

" -

10 20 30 &0 30 60 70 80 90 100 X
: Fe/(Fe+tMg)?%

FIGURE 34

VARIATION OF A(Ml) AGAINST Fe/(FetMg) IN DIOPSIDE-HEDENBERGITE.

. £l

In subcalcic pyroxenes, (Ca/(Fe+Mg))<15, the assignment of Mossbauer
spectra has followed different exﬁlanations, confusion is mostly due to ;he‘?
comparison with orthopyroxenes and calcic clinopyroxenes assignments.

It is also due to the supposition that Mg is favorable to fill the calcium

29,31

deficiency at the M2 site However, studies on calcium.poor pyroxenes

: 2
by Walsh et.al. (1974) 2 showed that Fe2+ is more likely to £ill the cal-

cium deficiency at the more distorted site MZ'

The spectra of sampels CG6, CG8 and CGl4 is assigned in a similar

way to the assignment of the spectra of augites in 1971 by Williams
?

ec.a132. The inner doublet (smaller Ajlis assigned "to ferrous iton at

site M

25 the outer doublet (less intense) ' to ferrous iron at site Ml'

R ST TSRPY I

LN

JRPIRC SR Y
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The weak doublet (11') 4n CGl4 is assigned to impurities, while CGS8
gpectrun, one different from other augites and clinopyrokenes;(since
there 1s no detected presence of ferric iron also the high velocity peak

is almos: more intense than the low velocity one), has two doublets of

PSPINPRORTS ¥y

’/auadrupole splitting 1.85 and 2.18 mmsec-l assigned to the M2 site., An

anomalous behaviour attributed to a’ fine domain structure of pyroxenes

<

close to the compasition Ca

\ 32
O.SFengl-xSiZO6 (OE;E}.Z) .

lSamplé CGl spectrum is very close to that of ordered omphacites,
where ferrous iron enters four Ml position833. Though only three ferrous

doublets were resolved, the similarity of the spectra and the large

percentage of ferric iron (32%) present allows the suggestion that CGl -

" &
is an ordered omphaecite where the structure space group is P2. :
. ' i

6.5 PYRITES : ‘ R
‘ H

Two naturally occuring pyrite sample labelled SS7P and SS8P were d
studied (see Appendix A). Their absorption spectra ;re shown in Figures
35 and 36 respectively, while the parameters a;e listed in Table 9. Simple
SS7P consisted of small cubic crystals (% 3mm edge) that weré seperated
from a‘host rock, Sample 8S8 had no spécific shape. The two samples
yielded almost identical 1somer shifts and quadrupole splitting, which are
consistent with those previously published (see Appendix D): ;The A and §

N

values are characteristic of low spin _iron II.

TABLE 9

CALCULATED PARAMETERS OF PYRITE SAMPLES

’,

4 mmsec_l , s mmsec_l

SS7P 0.60+0.02 0.57+0.02

558P 0.6010.02 ' 0.58+0.02
iy

Aot P 3 BA T LR T x
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3

, CHAPTER VII

. 2
MOSSBAUER SPECTROSCOPY AS A GEOCHEMICAL -
PROSPECTING TECHNIQUE - STUDY OF SOME SAMPLES

FROM GASPE COPPER MINES
‘ . 1 Y

7.1 INTRODUCTION - ‘ .

The possible use of Mdssbauer spectroscopy as a geochemical pros-

- pecting technique for ore deposits was suggesteé bleancroft3 in 1973,

»
- ¢

Since then, the only.published works related to the subject are.by

34,35 N ’

Amirkhanov et.al. : in 1974~75, where trécing some thermedyhamic.condi-
N

tions of the ore-fqrmiﬁg'§9ocess and estimation of the potential of ore

zones; werededuced from a proposed relation between the absolute age of iron

4 -t

containingvtbcks and mudstones and the corresponding quadrupele sﬁlitting.
' 4 .

The resﬁlts presented earlier in Chapter 6, and Mdssbauer data from

N i

.various“references-on silicate minerals, correlate mostly thes variation in

& -

the quadrupoie splitting of a specific mineral to the variation in the

contents of iron or other ions; as in the diopside ~ hedenbergite line,

~

where the qyadrupole splitting is found to increase linearly as the ratio
ya

Fe/(Fe+Mg) increases, in both synthetic and natural q;gples.

L}
"

* In this chapter, an investigation of the possible use of Mossbauer

B .

spectroscopy in geochemicél prospecting 1s carried out by gtudying six
s;mples from specific locatiqns in the Gaspé Copper mines area, tﬁe approach
; ‘ ) - 18 outldined in Chapter 1. Information on the different formations in the -
area is given in Figuré 37. A Qrevious geologibal‘study of the area by

() J. Allcock36 is used as a guide and a background for this study. P

» ' | ] ) ,f
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FLGURE 37 |

GEOLOGI(CA‘L MAP OF THE GASPE COPPER MINES AREA

7.2 THE FORMATION AND THE SAMPLES . .

»

by SN

2

‘

. ¢

‘ ¢

with the distribution of metamorphic zones and iron metasomagism. As

1s clear from the Figure, the Cap Bon Ami formation is divided into

several units (Ql’ Tl. ...) which differ in ‘general/ composition. The

¢ A cross section of the Copper mountain plug is shown in Figure 38

[

'
"
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Ll unit, to which the samples belong, refer to a calcareous layer that

is mostly formed of an intergrowth of grossular and diopside with minor

idocrase and wollastonite36. The samplés are specifi'ed as follows,

{ {see also Appedndi‘.x A). ¢

A

i

S675 - 2612

S678 - 2761

o
t

(@]
-

5258 - 2027 - .

(=)
]

U3587 - 1552.5 % o

\ N E - UL467 - 240
F - S5674 - 2313
A,B,...,F refer to thegample number, the second part of each label refer to

. to the drill hole position, whereas the last part refer to the depth in

feet from the surface. The drill holes mentioned are shown in Figure 39.

J

7.3 ABSORBERS PREPARATION - RESULTS

» , ’ Polished thin sections were prepared from the six samples and were f
i '
studi”éd\under a microscope (to help in identifying the minerals present

and their proportions). The absorbers were prepared by crushing each
piece of rock (Sample) to a coarse grain; grains free of pyrite were only

. N ' / ( '
plcked (Pyrite is easily detected by its glitter, b—i's present in the

[P PI SSIUUNT SR

‘samplés in very small quantities). The picked grains were ground and then ‘

freed from magnetite by use of a hand magnet (magnetif:e showed a very

RPN

weak presence < 0.001% wt. #lso). Thereafter, each sample was powdered,

s b o

absorbers were then ‘made by énclosing about 100mg-of-powder between two

thin circular plastic discs of an inch diameter. The thickness of absorbers

‘was about 0.2 mm except that for sample F, for which 1t was O.4mm.

L9 S
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FIGURE 38

CROSS SECTION THROUGH THE COPPER MOUNTAIN PLUG ON 25400E SHOWING
fDISTRLBUTION OF METAMORPHIC ZONES AND IRON METASOMATISM36.

”

The absorption spectra of the samples are shown in Figures 40-45;

-

Table 10 gives the calculated parameters. The main feature of the
absorption spectra of the six samples, is that they are composed of two

o

quadrupole doublgts in varying proportions (see absorption spectra).

The doublet labelled 11' of A around 0.53 mm/sec and § = 0.63 mm/sec Ps
assigned to ferric iron entering the structure of the garnet andra§%}e of
iyemical composition Ca3(Fe3+,A9.)2 813012. ’The garnet strucéuré_éonsists

of fndependent SiO4 tetrdhedra“linked by trivalent ions in octahedral

The octahedfon
13

coordination and divalent ions in eightfold coordination43

:

of one Fe and 60 atoms is jreported to be regular in andradite™ and the

L] : :
Y \ : ’ . J = 2

RN N 2

e
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, FIGURE 39 ‘

DRILL HOLES AND THE VARIATION OF THICKNESS OF THE SECTION T10-P40
IN THE CAP BON AMI FORMATION-®

s

parameters are consistent with Fe3+ being n a slightly distorted octahedral b

configuration. The doublet labelled (22') in'the absorption spectra is

N .
* asgigned to ferrous iron of the hedembergite structure of chemical

composition Ca(Fe2+,Mg) 512Q6. The hedenbergite structure is similar to

, Aedrd
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that of di‘poside (see Section 6.2, Figure 21). The extfa ferrous doub-

let (33") in the spectrum of Sample A (S675-2612) is probably due to an

impurity of another pyroxene or silicate mineral. The percentages of

ferrous and ferric iron, as calculated from area ratios (Section 5.3),

the percentage absorption calculated using the formula

peak height {(counts)
background (counts)

Absorﬁtio_n =
and the total™absorption, calculated using the formula.

apsorption area
background area

Total absorption =

are given in Table 10 along with the Xz values.

TABLE 10

CALCULATED PARAMETERS OF THE GASPE COPPER MINES SAMPLES (NUMBERS 1IN
PARANTHESES REPRESENT THE MAXIMM EXPERIMENTAL ERROR, A AND § ARE .

GIVEN IN mm/sec)

SAMPLE A B _C D
AC1LY) 0.53(3)  0.54(3) 0.52(3) 0.54(3)
§(11") 0.63(3) 0.63(3) 0.63(3) 0.63(3)
A(22") 2.00¢3) 2.03(3) 2.06(3) 2.02(3)
§(22) 1.40¢3)" 1.40(3) 1.40(3) 1.40(3)
A(33') 2,50(3) - - -
8(33") 1.35¢(3) - - -
"gFe /5T 42(5) 29(5)  60(5)  14(5)
‘tre3t/1rer 58(5)»  71(5)  40(5)  86(5)
max. abs.? . 1.64 8.88 7.17 '9.40
Total abs.x10> 7.8 8.93 7.31 - 8.78
x? 27 247 271 300

E

———

0.54(3)

0.63(3)
2.05(3)
1.40(3)

54(5)

46(5)
4.18
4.26

262

~

i

2.02(3)
1 .4%3)
100(5)
0(5)
5.2

5.97
256
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7.4 INTERPRETATION OF RESULTS

Hedenbergite and andradite in the inner calcic-silicate zone and

in viens and crackles extending into the outer calcic-silicate zone

(Figure 46), vere formed by iron metasomatism (caused by the emplacement of

the plug in its present position). Introductiqn of 1iron.to diopside agnd

the main constituents of the calcic-silicate zone formed

hedenbergite and andradite as follows:

e s A St Dt SRS AL s 4 ~

~-200' '

Sy
N
Sea Lovul\'\( 2
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s U MOUNTAIN 4
600%
/ - g P o7,

Ore= 0 £ !
AN P

] \n--‘/ ‘“‘AN+6°°'
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FIGURE 46
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CaMg51,0, (diopside) + Fe Ca(Fe Mg)Si2 6 (hedenbergite)
B N

Ca Al $1.0

3+
25140;, (grossular) + Fe ~+ Ca3(Fe ,Aﬂ.).2513012 (andradite)

There is no consensus upon the origin of iron and other met:al,s36

(Cu,Mo,...). \ﬁeﬁrding to one argument ''it has been leached from a large
volume of surroupding rocks and redeposited by a circulating hydrothermal

system'. While 'according to another one it is due to" similz;?‘ erothermal

systems that occured during the emplacement of the igneous rocks"
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‘ . FIGURE 7
34

VA\RIATION OF THE RATIO (E%,-:—— ) AGAINST TOTAL ABSORPTION (%E x 100).
2 : .
a . Cy
Figure 47 represent§ the variation of andradite in the samples,

with the total absorptions (the increase in the resonant absorption, i8 a
s 1 i ) i

Vo spm gt -y . , pe Vo,
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.grossular. Ve

direct consequence of the increase if the iron contents). .;As the

éon

74 - 86 - .

v

tents of iron increase in the‘rock85 a higher andradite content is

3

noticed, while hedenbefgite\{ollows'a reverse trend. Sémplé E (Ul467 -

540) is not included in Figure 47 because its location is far away from

.

formed of calcite while the others are mostly intergrowths of diopside and °

LN

4

T~

-

" .the rest fFigure 39), and its thin gection revealed that it is. mostly

The result of Figure 47 is a direct consequence of ‘one fact; the

andradite zone is closer to the mountain plug, i.e. the andradite ratio

‘

o

~

decreases as one moves toward 5he outer calcic-silicate zone, where the
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Fe

39 AS A CROSSED CIRCLE (®).
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+ VERSUS DISTANCE FROM CENTER OF PLUG (THEORETICAL), SHOWN IN FIGURE

meters
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[

Fe3+ VERSUS DISTANCE FROM BOUNDARY OF MOUNTAIN PLUG (EIGURE 39).

- +

Figures 48 and 49, are two attempts to correlate the variation of

* L
Fe3+ with the distance from the mountain plug. In the first the center * A
e

\ . . .
of the plug is taken outside the given boundaries,of Figure 39 and thgs

hypothetical ‘center gives somewhat a close to linear variation of Fe3+

.
. ’

vg‘:‘tt:h distance. 1In Figixre 49 the-distance of the drill holes (Figure 39)
to the nearest boundary of the plug is taken, the pbints are scattered in a )

similar manner if the center of the plug is taken anywhere inside the

boundaries. ) S N
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.5 DISCUSSION OF RESULTS

3

In the previous Section (7.4), the trials done to correlate the
\\\‘ 2 ] - v K -
variation pf -Fe”  (which is also an indicator to the variation of
L XN -

. s
iron contents as a whole) with d{stance, were not successful, due to ,

.
two factors: : .

C . . , . / . . o -
L e . Fi ‘1
1 - The lack of precise shape of the plug-in three dimensions, .

which prevented the estimation‘ of the ‘disoﬁanqe seperating

the samples from the plug. ; ‘ '
' 4 .

g
. - \ * ) 3 ,
2 - Since the Mossbauer spectroscopy deals with samples on a very- g
Y .

+
‘.

small scale, studied samples should represent to a good degree -,‘“
the location, the layer or the formation to which they belong. ’
~— \ P

Taking into.consideration the inhomogeneity of geological

S

) ~fbrmat‘ions,da larger number of samples would yield more detailed

.

" results.

Iy
JIRPNCANES

*s

add, B L L LN

ra
‘,_».'_ By

i, & E "




A

[

E’ In'studying‘thevorthoand clinopyroxenes, the Mossbauer spectra

. " 1\ T

CHAPTER VIII

CONCLUSIDN

~, -

8.1 CONCLUSION

. . - . L L
The valuable use ¢f the Mossbauer effect in semiquantitative analysis,,

- - - ‘ ’
is illustrated by the results of the study on bulk rocks and the Gaspe

Copper Mines samples, where the identification of iron bearing minerals

and -their proportioné 4Psing the finger print technique ‘and area ratios)

is successful. pu v

a2
.

In studying the' bulk rocks,_though the iron éontents were minimal

and the absorption very weak, pegks accounting to less than ten percent

of the toﬁi} absorption were solved.

[}

obtained and the‘pérameters derived from computer analysis, indicate’'to a

‘v

good degree the purity and uniformity of their structure. Predictions

'about the iron contents (Fe/ (Fet+Mg)) could be made only qualitatively,

-~

due to the limited variation of the quadrupole splitting.

-The results dj;ived from samples of Gaspe Copper Mines (Chapter‘7)

A N " v
where a linear relation Ys found to hold between fhe ferric or ferrous

iron proportions and the total iron cOntents, is a basic step towards
prop P

A}

/ ‘
the study of better chosen samples, other locations and reaction aureoles.

There is a good degree of evidence in the derived results (Chapter 7),

)

i b
that MOssbauer spectroscopy will prove to be valuable and useful in geo-

chemical prospecting.

e e T WA s e s

PR



Trar sy g an oy

B R NWOrLa i SAK bt S AT 4 P Lo

B
. - .« [ - PR —— P - . i s e
+ 1
. .,
. 90 -
. . 90 )
2 N
.
) .
. . ©
:
,

8.2 RECOMMENDATION FOR FUTURE WORK IN GASPE COPPER MINES AREA

l“

1 - ﬁxdependent checks of results (chemical, X-ray analysis
- ete.) ' v )
© 41 - closer ré'préSentatiile sampling ' o

g . , N . - '
ii{ ~ bhetter controlled sample preparation (using more advanced -

'

techniques in the separation of Pe containing minerals,
! .

a . pr:g_'sent in the samples studied but r'egarded as impurities).

kN

s
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APPENDIX A .
’ . . - < [y
SAMPLES DECRIPTION ,
] - ‘ .' . - , ) . ri ) '- 'v .
1.~ E288.c ,. Dicpside Limy quartéitg, Gaspé Coppe;,nMines, . o i
Quebec, Ref. A. . . e i
2. E282.b | Porcellenite, Gaspe Copper Mines, Quebec, Ref. A.
N ‘ A
K 3. E294 Chalcopyrj:te in altered limy quartzite, .Gaspé '«‘a -
/ Copper Mines, Quebec, Ref. A. . . o '
4. CGWl Bronzite (St. Agathe), Ref. B. 3
S L R . " :
5. CG3 Enstatite, Ref. C. _ ' "> j
. ' , . < ‘ . o 3
6. ¢G5 Bronzite, (MRD-606), Ref. C. - - . 5
. . . \ . %
T CGl2", Engtatite (St. Set. 131B), Ref. C. - . i
8. CGl Clinopyroxene’ (from Alaska), Ref. C. ) ’
. X : %
9.  CG6 Augite (MRD-608), Ref. C. i
"10. ~cc!s Augite (MRD-614), Ref. C. X - 3
11. CGl1 . Hedenbergite (MRD-622,), Ref. C.
12. CGl4  Augite (St. Set. 134B.), Ref. C.
13.  CGW2 Aegerine, i{ef. c. ' -
0 . ‘:” ¢ -
14, SS7P Pyrite, Eastern Townships, Quebec, Ref. D, - .
15. 5S8p Pyrite, Eastern Townships, Quebec,.Ref. D,
. ) * @
16. Samples from Ca§pe Capper Mines' (S675-2612; S678-2761; S5258-2027;
43587—15'52.5;U1467—240;8674—23«l3), Ref. E. ‘ é

1
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‘ ' . APPEMDIXB ‘- ' - :
. . , . . nt & v . 1{

v ) - Phubhali §.L00DR (1NPUT.LLJTI-'LT,TAPI.5,TAPLC:LLTI‘L)T,TN‘LLb) ; -

«

C CULVL FLTTING | LINE 4 LORENTZIANS
i o =NGLER LF PRRALLTERL '
NP =NUMLEL UF LURENTZ1ANS UP TL SIX ' .
La - =AUELEL UF LTLRATIUNS ALLLWIL - ‘ o . {
N ¢ 0 =INITIAL LEWNAEL CF THE GROLP ( : ’
N =hULEL U LEANNRLS IN THE ChLLP . - ]
CL{SMRLAZ ) =bLubt - .
L (%041 ) sLALKGLLLAL ~
B(3%)  =ULANMLL AULLER GF PEek , ,
p{*y-1) =bhLF WILTH AT BALF BAXLNLL i RN
L(%u-2) =t 1UL CF THL PRAK
KUMULPRUGVILES 1€ SARLES £ b SPLCTFYING Tht LATE UF EXPERILENT R

i

-
:
[ ol ol ol el et
N
i it e e

SAWPLL =R UVILES 72 @ FUR SPECTEYING Thk SAMPLE
TULEPRLVILES 12 SEASDSSERd SPLLLF YING THE CULRATTON LF EXPELTE F'\T '
#okrp|t INFLT LhTA 1S h L~ IN JLLL{TINF WEATR Xrkwxx

i sl sl il el il ol o

AN N th) L(‘LL),Ll(EL). -
5176),F6) ,Fe(e),FL(o), .
ALL(2 )\(t.),HH)), -

. LUASION (250 s R(E50) m(& ma(,),
. e 1belel, 20 ) JLL{2bll ) WS(6) ,LATZhe), I\U\'\b (%),
PHEIG) B (o) FhE (0 ) ,AlG), Ar(c),dm FLEA(S) A
SUATRIZ6) , Y LITO256 ) b Lada(512), ILATA(SLL) .
. “LUEN/LATH/BLL, Y . v
: . CULbON LU ‘ :
ELUTVALENCE (2, u.) lw.ut(u Y) (EL,LL(513)) , (LE,LLY7CY)), :
TCRRR,LLTILZS)),, (L L1zt )), (Le,LL{L3LL)), (N LL(17u1)), ‘ L >,
2 (L&, LL(1yL3)), ful bL(l?LA)) (L2, LLC17LS)), (1 ,LL(lite)),
3(L,LL(1719)),(1, LU/.JLL)) (L, bL’zl/‘))),(hb Lu(uu)),‘ T
. Q(leTh,LL<LLLb)). ;
) - 5UNGLLLZ720)),(30, LL(L/Ll)), SambLE JLLIZ7ee) ) ITL, LL(2727)),
€ (LML, LU (2732)) N : .
LA n(/\LL <hNL, BhH:b),(\:lh S 1hL, 1%, L) ) ‘
WEAL N SPECTRUL
LATAz LLSSLAUELL LATA LUKRELTLL LATER FGh LLNF TT
C1 W\ Lz “mhE ThE FRECISTUNS LF THE CUKVE FLTTING

L)
[ ol Gl el sl o

VWhITL(6, 18L)
- LALL FLATA .
T o7 FORMAT(ZE 5.%) . '
. ’ Wh1TL (e, L) [RY: -
t FURLAT (IXJahtl = ,F5.2,5N, lhuz = ,F5.2) 3

. LU JUL LA=1,517 . ) ’
3L1 FLATA(IA) = mm(wm/\(m)) .
Wb UL, 96) ~ .
.5 Fumm,x *[NLTLAL LATA*,//) . :
55 FUIMAT(ALN, 1LFY.0) . =
FLAIACL) =F LATA(Z) ‘ '
- © FLATA(H1Z ) =FLATA(D11) ;
FLATALLSC ) =FLATA(Z255)
" FLATA(257 )=FLATa(Z5L)

. ’

s S




Cb2=F LATA(J=1)*1,

4" ~ "9"-

~TI.L FULLGKING FUK REMEVING ANY LATA PDI'\T SLATTERFQ, TLL FAR

LG 5C J=3,%12Z
U1=F LATALU-1)*L.0 ",
i : .

LUNT INLE -

JFCFLATACY) LT LL1.ANL ., FbATA(J) LT.0Z2) GL TU 51

FLATACS)=(FLATA(J=1)+F LATA(J=1) ) /2. .

FUI R T9X ¥ EREATIC LHANNEL CORRECTEL AGATINY)

LL TL Y% . T
CLNTIME - . S )
LUNT INUE » -
FURLAT(OX ¥LRhATIL CHLAMNEL NUMEER=*,14) . )

N . . . -

. \ :
¢ FUW AT (12X, 1LFe0)

PRINT 10U i o - . .
FURE T (1h1) t

FORBAT(ILN, 1LFY.L)

RhUITE (6, 1LL)

99=0. ALY ANALYSL LI AWL TTL 456 . )

95=z1,. LVERLAF UEANNELS 257 « 512 LN CHANNELS 1- 256
S5=1. - '

1hd

59 LUNT INLL
LU &6 u=l,15¢

5U)50,50, 59 e -

.

v

G
il
L
lbt

&
yt

TLLL

' 'lBL

LATA(J)= m\m(d)nUHTA(SM-J))U.

s LLNT INLE

LWTL71

LUNT AL

LL703z1, 25

DATHCU)=FLATA(Y) -

LUNT IALL ‘ :
FUhBATILA, 1LF Y. L)

Fuidaad (10])

WhiTE (0, 1LL)

FUKMAT(LLAL)

Wb LTE (6, 2)hLNNL -
¢ FUWLAT (Ix, 16l RN NUHBER= 5 DALL/)

FORMAT (bR LL)

WhITE (6y222) ShMFLE - .
FURLAI(1X, 14h SALPLE | =, SAIL/)
FURRAT {Lne) .

CWWITE(6,151) TTUE

151
53

1L

EUHLAT(lX lah Tlhf = Q'SAlU/)
FURRMAT (413)° .

WRETE (6, 10)NG N KG

FORBAT(IAZUL* INITIAL LEANNEL= (3,25~ *NUMLER GUF CHANNE

113, 25h NLELBER OF LORENTZTANS=  12/) '

Lu 111 Jsl,256

LAT (0)=DATA(J)
111/CUNT TAE




< a

¢

]

115
LY

11

lzz
5

1%

1z
\

1eu

- 95 =

’ 'ii
B INEVRE
ity g |
LL 115 u=l,M\N . o
KNU=J+hL'

L(d):(“\NL-l)-

,HLO)=LAT(RNC=1)
H\i\(\-J)ZSU\](Fl‘IIJ )

Fukl AT CIFL.L)

WhITE (o 1)L 3%KL4+])

FURMAT {1x1d4h L‘t\LkLhLU'\L: FL.Gz)
L{3*hL+2)=0.L ‘

FUR AT (Gt 3.0) . y
Fuhl AT (ot L)

WALTE (&, 13)(L(3%0-2) yu=1, kL)

FoiaT (1, deh FLAN BETUETS: F15.0/)
FURLAT LN IUL PLAK PLSTTLONS: 6 (F15.0) /)
C WL (e, 1)L (3%5),0=1, ki)

Fuhdai T (()”().ﬁ)

YO UTE (o, 16) (L (3%0-1),3=1,K0) -

14

21 L(3%u—2)=bl3% =2 ) (3% gy~ l)**c/lLLLL.b

.o
&L

dotl

FUR AT (i>\,,h Slubh= of 15.5///)
hulzhl - -

e 21 o=l,hul

ASLINEIDENGAIN L+l)/lLLLL L

LL 2z u= J LN ,

Fii)= H.(a)/lLLLL.L

Pl ) = ERh(O) /100U,

whiTh (o, detl)

FLhinm T (3900 Ll FITTINL

LAaLL LUKF LT -
whiTE (e, 10L)

W1 (0,135)

LINC+LLRENTC ARG /)

135 FUhlET (IN, 11 fhhAl.fTFF\o//}X 1h3, 1uh, l&hu(J),u)\ LHhhleIu//)

14t

<UL

WTE (e, 140)(0,L(0),L170),3=1,1.)
FLh AT(J)\ lz,5x,L1C.6, l5>\ LlG.¢ /)
Lb 2L J=1,ki

P{y)= u(}*d)

PE{o)=L1(3%)

Ph(a ) =10LLG L *L{(3%d- L)/b(3*u-l)**z_
T=oo ¥ (LI 3-1)/u(3*0-1))1e

= (L1 (3%0-2) /L (3%5-2) ) * %2

FHE L) =Ph{0)* S LA T (T 44)

(o )z u* (3%~ 1)
Hrf(J)-—L.L»*Ll(B*J 1)
A(3)=51415.9265%L 3*J—L)/b(3*d l)
TT=(L1(3* -l)/b(3*J 1)) **y
,Mt-.(Ll(J J=- L)/b(}*J Z))**Z

AL (S ) =A(D)*SLE T (TTalh)

CUNT INLL
wKUE (G, 1bL)

WhTE {o,2ll)

S

i L W
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2.1

4L

935

94bl

e

145
1156

. | - 96 -

FURMAT  (1X,15h LINE PUSTT TUNS,6X, 7H ERWLRS/)
JITE (6,202) (PCO),PE(D),O=1,k0) ™
F GREAT (3%, 1F10. 5,0, 1F 11 .0/)
Wh1TE 76,203)
FuntaT (/,1x,13k LINE HE1GHTS, 0N, 7H ERKURS/)
WhUTE €6, 204) (FLOJD)PHE(T) ,3=1,hb)
FURFAT(2X,F1L.3,1CR,FlL.4/)
WhiTL (6, 205)
FURMAT (/ ,IX, 160 Fwbli OF LINES, 7hy 7H ERKOKS/)
CWRLTE (6, 266) (PW(LT) PRECTT),1l=1,kG1)
F Ui (3X,IF 1L .6,6X,1F 1L, 7/)
Wiy LTE (&, 2L7) .
FURMAT (/7,50 11h LINL ALEAS, LX,7h ERKLKS/)
whlll (6, 200) (A(3),AR(4),3=1,k0) .
FURMAT (AN, 1 1oty 2h, 1F L6, c./)
wWhiTt (e, lu)
CALL PLUGTE (NG NGFL,FL)
NN =N
LU 4L k=1, W
FLIRE) = FL{hh)*ILLULL "
Ftu(hk) = F1(KR)*1LGLU
CUNTINLE o . .
whlTE(6, 1bL) ‘
W ITE(0,935)  (FI(K3I),kd=1, NN)
WhITE(LL, 935) (Fh(kJD),kaz1, NN)
WRITE(E,935)  (FL{K3I),hd=1,NN) ‘
WhITL (LG, 935) (FL(KJ),h3=1,WN) v . ’
“FUkbnT(5N, 1LF7.0)
FUBAT (58" =, 15, 5ti/"\u=, 15,20//)
FuhbinT (11)
STLP
AL
SULLLLTINE. BLATA
LLRENS LN TLATA(S1Z),LL(2800), LILATA(S12),L(20) ,L(20),

. LSALPLE(S) , TULE(S) , hLNNG(5) 5 SAR(S), TTH(S) AN(S) '

LukhOh LL
ELUTVALENCE (LLATA, LL(Z2L0) ) (L1, L (1704)), (02, LL(17uS) ),
T(N,LL(17L1)), (KC,LL(2102)), (L&, LL(1705)), (L, LL{171Y)),

2 (NG, LL(27F20)), (WU, LC(2T21)) , (SALRLE, LLC2722) ), (TiME,LL(2727)),

3(HUMU,LL(2732))

KEaL(5,115C) (LILATA(L),l=1,51)

UL 18y K3=1,512

LILATA(K3 ) =1ILaTA(k3)

LUNTINUE
FUuhgT(le, 917)
LAT}«%th(J),J:l,Z)/thSLP..":L-bU,bh.2L‘,1977/
LATR(SAM(J),3=1,2) /1L G=57S0UKL, 1t/

DATA TU(1)/9HUNE HLNTR/

- LATA(L(L) , Lz1,11)/
5-10006L. a.,127.,-55uu.,a.,13L.,-65bL.,a ,17C.,
52426004, G L0LL/

PONDEP S




,;// i ,.’/f . ~/

bL ILL lAzk, 512 /S ~

166 ILATA(LA)=1 LLATA(ER) /o~

LU 2LU J=1,11 !

* bl L3 )=L(y) /

LL SLL J=1,5 : .
KLANC(J)=hN( D) J /
SAMPLE (J)=5A1 (u)

3L TIME()=T1h(5) .

1oL

1ul
1ot

Nu=1"

Nz=Z5¢ 4 ( .
hi=3

Lg=1¢t

kl=u.

z=.01

Ju=1.

hE TURN

- ENL

SLbLHLLTING CUKF LT o

. FLnTn AN &
LULENSTUN 2(2506),F(25¢) ,FL(256) ,LF(256), H\l(256) )«(250).

Ww(20),il(et) el 2L) ,LhAL(20) ,L1(LL) , Lz (20, 20) , LL(ZLLL) £3(2t, 2C

2),AA(2L),bt(ZL),M(2b) Jwe(20) ,ALL(Z),LL(ZL,'ZU),Y M)r&f
LLLUN/LATA/ ALL, Y

LUkl LN UL .
ELUTVALENCE (Z,LL), (Fis,LL(2

25 )(rLLL( 3))(LF,LL(769)),
I{Enb,LL(1LZS) ), (L1, LL(12¢61))
)y
))

7)

y (L2, LL{1301)), (N, LC(1701)),
(Lz, LL(l/LS)),(h,LL(lﬂm))

y (L1,LL(1759)),(bZ,LL{1779)),

(L6, LL(1703) ), (L1, Ll (1704)
3(L, LL(171%)) , (LiAL,LL {1739
(L, LL(2lEL) ), (L,LC(217Y))
LATACABL=ZHNG, 30YLS) , (Y=1h , THU 4 10%, 1)

Li.= L — . :

SA = U.L . .
LL 1ol J=1, 20
L1(3)=0.0

Lu 100U K=l, 20U
bz {3 ,h)zb.0
NN=N :

['Il‘l::l

LU LG K = 1, MW
AK) = Ekh(R)**2 ,
L=l _

1=K '

LALL FUNL{Z)

UF(R) =Fl{K) =~ FL(K)

LL 161 J3=1,Mb

IEE bl(J) (2. D*LF(I\)*LI(J))/X(I«)
LU 101 kk=iybib

b2(3 kh)=b2(3J,Kk)-(2. L*(bF(P)*LZ(J WK — Ll(J)*bl(k)K)))/x(k)

SA = SA + bF(k)**z/X(K)

LhOL=0G.U g

ERCLE,

o Bt

O VO

e A AT e b o
.

o B A
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--98 - -

] . ) R o ) ‘ . - “’
ub'ltz J=1,h : .
102 GHOLsLRLL+L1(J)#*2 . A !
© WRITE(6,2643)5A, LWL . ‘ - o
243 FURMAT "(1Xx,26h* INTTTAL .VALUE SUb &fJSQL=E13.5,ZUX,17h*SQ UL UF GR
1AL =£13.5) R .
WhITE (6,1751) : , .
1751 FUKMAT(14hL LEKTVATIVES=) : “ : ‘
WTh(6,260) (L1(Y),3=1,Hy ‘ -
240 FONMAT <15x,5(a13.5,ux)/)‘,¢V . J
IF (SA - 1) 11, 11U, zOG B
110 LE = 1 : ' ' '
) LL TL6LG ' ‘
2LC Y = 0.l °

Y Ghbb .L
BMOL L:L
PhUL Ual

A2=A?{(1) ' . ’ c

om

Lo 2J0 3 = 1, 1k .

LI{T) = L.L . -

L Zlb k = l, I-.h o
240 b2{J,K) = L.L

Lb 220 Jg = 1, NN

L=1 /

I=dJd

LALL FUNC(2)

LF(ud) = Fh{3g) - FC(32)

LU ezb J = 1, K :

e ———— ookt et s
»

L1(3) = LI(O) = (Z.UXLF (J3)*L1(3))/X(4D) - ;
LU 'LZLr ‘\ = l, M. N . ” n
22U BZ(I,K) = bz(u,h) = (Z.0%(LF{23)*02Z(3,K) =L1(3)*L1(K)))/X(33)
Lb 230 J = l, bk : )
230 GRAL(J) = L1(J) :
L = L1 + 1 . - .

LALL EXxAl (L2,b1,4,LF)
IF (LF) 250, 250, 305
250 LU 231 11=1,h ‘
CLb 231 J3=1,N :
231 b3(11,30)=02(11,33) - 5
CALL JALUET {t.,03,1,NK,02Z) , ’ | i
e
LU 235 Jb:l,hk
235 bl(J3)=£3(33,3J)
AzzhLL(Z)
Lo 26l .
z6L L1(J) = U
Ww ziv J
' W 270 k = 1, M
270 LI(K) = UI(k) + b2(J,Kk) *GRAL(J) L
b 275 J = L, M ' . .
. 1F (L1(3)) 2tu, 290, 265 ’ .
280 1(3) = - L1Q) . : *

L, kb ' ,
[.4 . ! , . ‘ -
l ’ l‘l"l ’ ’ . . : 9]

f =N n . i




S
-

=t
£

PR N

2b5

25

\

75

¢ 3 =99 -
»
" »
01(J) = L1{3)/L1ld)
LU TUL £75 -
L1(3) = L.l ,“
LONTINGE
S LL 295 J =1, MM
bi(J) = L.C

195

bU L0 = 1, M

CLu 3Lk = 1, MM

3lu
JL/
310
315
3ZL

355

- 4LU

-

Py

L1t
45¢

Bl1(3) = bl\d) + LL(J k)*bl(k)

vL 310 J=1,h
"GhLL = Gk bb + bhAL(J)**Z
blhLl = LRLL + B1(J3)**2

PRLL = PhLL + GHRAL(J)*E1(J)

IF (uhib - kZ) 315, 315, 320
LE =z 2 */ 'y -
LU TL 6LL

L= Pth/ath(leb*LMbL)

IF (L) 335, 335 4L0

Lk = 4 )

LL TL ()Lb . .
LL z L . r
13 =4 < ' .
LL 410 J = 1, 1l

LRAL (3) = b(d) - b1{J)
UL 420 Il =1, M\

L=z

=il . ;

LALL FLMW (19 N

LDF (1) = FRCTL) - FLCLT)
Y = 9+ DF{TL)**2/x(11)

420
435
430

440

460

S0L
566

505
510

507

LF (SA - 5) 435, 5gb, s

LL

B1(J)
LhAL(J

9

LF
LE
Ll

IF
LL ‘=

Gy
DL

L
bLaat J
)

= LL .

+
bl

= L.b
Lx =

L3 +

1

1
(
b

1

l"l‘\'l

J)/2.0 ¢
(J3) - L1(J)

(L3 - z56) 450, 4el, 46L°

=5
TL 606

\

t

(LL) 5L5, 505, SU6

"
TL 430

5163 = 1

3

h"l

b(3) = GKAL(J)
SA =5
1IF (SA - (1) 507, 507 530

LE

LU

=1
TL 60U

L

e i S o Mt T e St
.

[PTPUOUEE

Py

F




P,

s
[ 4

_lqo-

%
530 1F (L&) zul, 2, S0L
SLO WhITE (0, 52C)L1,%e,L3,5, R0, {LCT),d=1,1)

920 EURMAT(//, 15 TIERATION NU.=15,10%,43h  TRANSFLRMATION MALE TU PR
LINCIPAL AXES = A6,10x,  16h ©INARY LHOP LSEL=13,6h TIMES/1X,27H
ZETGhTEL S UF SuUAhfS £14.7,25%,32h  SGULARE MOGOLLLS UF GRALIEN
3T = E14.7/2Ub . PARAME TERS L(J) -/(6F17 §)/)

F (L1 - L4) 20, S1C, 1L :
91t LE = b . /,w
CGL TG %l .

ol UL 716 J=l, kb
"B1(3) = L.l .

LG 710 K=1,bM

710 bZ{o,h) = .0
L=1 , " )

Lo 7L 33 = Ty MW o ) - L

LALL FULNLEZ) B . .

pF(ag) = FN(2D) - FLL3T) :

bL 72L 3 = 1, b7

LI(y) = ul(J) - (L.D*LF(JJ)*Ul(J))/k(JJ)

Lbu 720 Kk 241, b f

"720 b2(a,k) = bL(J B) = (2 C*(UF(JI)*L 2t k) —Li(J)*Dl(k)))/%(JJ)
LALL LATINV(LL,M,Ll,l LETEHI) -
Lu /3(.» J=1, b ' :

I (LL(J,J)) zLUl, LLUl Lz
zLbl L1I(3) & =SLhT(- UL(J J))
¢ LU TL 73L|
2Lz B1(d)= SLhT{LZ(a,4)) ~

750 "LUNT INLE : . '

LU 746 J=1,0, \h"\\\\
- LU 74U K=l bk '
4L be(a,h)= bL(u,k)/(bl(J)*bl(k))

WhITL (6,951 )LE,5%4 . -
591 beLAT(//,lBt EXLT thLfk lB,zLX 25h WEICHTEL SUM UF SLUAKES=E15.L
1//) ' ‘ .
RLTURN
ENL

¢

‘SLLKLLLTINE FUNC (LX)

L " SULRLLTINE FULNL >

LLMENSTON LE(Z163) ,b(20,2), Ll(zD) Lz(20, 2), FL(L56) 1(256), L(b)
CuMi LN LL
LCULVALEM. (£,L0),(FC, LL()13)) (b,LL(1719)), (Ll LL(1759)),
l(UL,LL(l?Il)) (h, L(1706)) 3 (15 LC(2175)) (1, bL(ZlbU)) (KG,LL(2162))
Mazh
b 50 J:l,hh 0 /, ~ o
7 LHJ)=t.b . . ' ‘ 1
bL 5L kzl, Mk ] ‘ ) l : T, i
56 L2(J,K)=6a0 }
F{1)=b(h,L)*2 (1) + b{k-1,L)
KL1lzkb '
UL 6L J=l,kG1 ' -

t

PPN g

B tro e

et e e




6L

1zt

7L
110

el
6L
i
0L

1t
115

125

40

130
135

- 101 -

FLOL)=FL(L) + L{3*3-2 ,L)/(( m)-u(}*a L))**2 + B{3*3=1,L)**2)

IF(LX-1)116,110,120 ; )
Ll(h-l) 1.0 - o
Ll {h)=£01) , SN

LU 7L Jzl,kG1 - \ ’ ——
xl=(. (l)-b(B*J L))#*2 ’

- o
ETazLl3%0-1,L)%*; . .
LEN=X (4L TR , \
LI{3%*g-2)=1.L/LEN \\

L1(3%y=1)z=7. L*L{)*J-l L)*LE3*]- z L)/UEN®*Z
LIC3%3) =2 0%z (1)-b(3%J L))*L(B*J—L L) /LEN*%2
bZ(B*J-l,3*3—2):-2.C*L(3*3~1,L)/LE\**Z

Lz (3%t 3% J=-1)z02(3%3-1, s3*u-2)

u2(3*u,}*J-z)=z.b*<L(l)-u(}*J,L)J/LLN**z

Lo 3%3-e33%0) = L2(3%y,3%3-0)

LZ(5%95]1, 2831 )=-2 L*L(3%J-0, L) * (X1 -3.L*ETA)/LEN**3
Le(3%3-1,3%3) ==L L¥L( 3% -2, L) %L {3*J-1,L)*((1)- L(B*J,L))/L&N**B
Lz(3*], 5*J-l) =Lzf3*3-1, 5*J)
UZ(B*J,3*&):2.L*b(ﬁ*J-Z,L)*(3.b*xiahTA)/bEN**B

LUNT INLE

h.TURN

ENL .

/

SLLELULTING EXAL (K L L, LF)

SLLHLLUTING EXAL . ¢
F uh ThKAN &

LUENSTUN Af2G, 20), b>(¢(_:) L{zl)

Lu tL J=l,k

L{a)=A(4,J)

'lF(A(l,l)) 6L, 200, TG

A{l,1) ==SLhT(-A(1,1))
LL TL 3uL
A(L,1) =5(KT(ACL,1))

WU TL I

IF (1=1)4L0, 4LL, 110 .

LL 115 k=i,

ACL,k)=A(1,k)/(n(1,1) ) . * Rt

Lu 120 =iy N .
i\]l:J"l . ) ’

b=A(:J,J) . . ’ -
bL 125 L=1,d1 ; °
G=5-h(L,d)**2

1F (%) SU,«Ll, 4l -

A(T,3) =-5LhT(=9) ,

L T O30, ' ' ,
A(d,J) =SLhT(S) X

b TG 13L

1F(J-1)135,40L0, 600

Je=J+1 )

bu 120 ksdz,h . -

5=A{J,k) :

e i 5 =

LS .




145,

120
400

CIWE(=1)420,420,405

4UY

LU 415 L=1,31 -

415
q1c
4ri

i3b 1

45

43

450
pARY

Sub

A
AN

465

475

-]

P;r-r~

'

e

6L

. - 102 - . ‘ O ’

Lb 145 L=1,31 » i

5=52a(L, 3)*A(L,K) SN : S :
A(3,K)=5/A(3,3) ~ . , -
p{1)=b(1)/A(1,1) - . . ' <

LL 410 J=z,h ‘ ‘ [{
5=b(3) ' L ' .
Jl=y-1 C .

9=b-A(L,J)*(L) Ct ‘

L(9)=/A(5,3) : . B

L(r)= b(r)/A(h,l)- . ' ,
J=fi- l N ' L
15(3)95u,a5u,a45 - : } P

bzb(d) ' ‘ - ) °

RYANER! : e

UL 430 Lzoz,h ’ !

H=5-A(u,L)*L(L) . , ‘ :
b{a)=S7R04,3) . : A

J=d-1 , -

LL TL 435 \ g ‘ ' .

LF =1 .

LL TU 46t ‘ , . , ‘

LF =u . '
Lu TU 46l ’ ¢
LF =<1 ’ .

LL 485 J=1,h

A(J,0)=C(J) .

F{3-) 670,475,475

NYENES] ) ,

LL 465 h=dz,h , ' .
A(J,R)=A(k,d) ’ . /
RETLRA '

ENL

SULKLUTTNE 1ATINV (A N, by by LETER) J
SULILLTIAL LATINY '

CFLURTHAN &

FATRTY NVERSTON L1 ACCULFEAYING SLLUTILN GF LIMEAR EGUATIOAS

EUEASTUN THRIVOLTE20) JA(2L,20),L(2L, 1), INLEX(20,2) ,PIVLT(20)

EGULVALENLE (lhbh,qhbh) (TCOLLUM, oLLLUR) (prx,  SHAR)

UETLRNz1. L

bu 2L J=1,N

LFLVLT ()= |

LU 550 L=1,N : . ,
AliAX=L.L >
LG '105 3=1,N _ ,
IF{TFIVUT(J)-1)60, 105, 6L, :
UL ILG REL,N

1 (1PLVLT(K)=1)bL, 160, 740 .
LF (ALS(AlAX)-ALS(A(J,K)) )85, 10, 100 SRR o




b5

g
H5

lal

<Lt

<L

yieI
<Ll

350

ol

3

3tL

4lt

&5L

40t
oL
550

6oL

uo

710
740

- 103 -
[ EAYEN v
[{RB RV
AMAX=A{J,K) -
CONTINGE 7
LCUNTINLE

TPTVOT(LLOLLUK) = TEIVLT(TCOLLM) +1
iF (LhUh=-1C0LLIDY 140, 260, 140 >
DL VERD z=LE TEEM - - .

Lo oLt L=1,MN ¢
SbhF:A(\th,L)

A{LhLn, Ly=sA{LLuLLe, L)

H( U.LLLJH, L):Sh/i\[‘

) eel,2lby 210

Lb be L:l.h

Shhb=zu{ Lk, L) .

“L{Uhwb, L) =u (Lot L

6 { LLLLLI, L ) =Shent

INLE A (L, 1) = LRuw -

INLE AL, 2) =1L UL UM %
FLVOT{1)=A{1LLLUk, lLULLLL)
ULTL'\‘AZDL“L‘\‘H*P‘.\L'T(\.)

A LLLLUEG ekt ) =1,

bu <350 L=l No .
ACLLLLU, L) =A{TLlLUL, L) ZFEVLT (L)
() 5t 3ul, 36l

LL J./LJ L:l.l‘l
B{LLLLUE, LY=o CLLLLLN, L) /R TVOT (L)
Lu ol L=l N

(b {LI-teebli) 4oL, 550, 400
Tza(L1,lLLbLuiy)

ALl teeLul)=t.L

Lu 650 L=1,\

ALL L)=n(L L L)-A{TLULUN L) ¥T
(1) 550, 550, 400

L 5Ll L=1,h
L{L1,L)=L(Ll,L)=L{TLuLbt, L)*T
CUNTINLE

LL 716 1=1,N

L=h+1-1 ) ,
OFOINCEXCL, 1) -INLEX(L, Z) Y630
shbh=INGEXN(L, 1)
Jrulbli=INGE XL, 2)

LG 705 k=l N

SwAR=A(k, JhLw)

Ak, ohiw)=A{k, JLLLUI)
A(hJJLbLbh):bhAP

CUNTINLE )
CUNTINLE \
RETURN .
ENL 0

/

J

L 710,630

,
Tt g < A

ae
0



1L
9L5
9zL
Y15
Y3L
Y25
%35

S0L

Sel
56l

516 kL =

1

L} - 104 -

PR

H rd
SbbhbbT[NL ELLTL (NU, N, A4, bb)
SULLHUGUTINE FLUT b
Az LARLEST CF FL 4NL Flv, L= SMALLEST
CUNSTUN A(1T6),AR(5127),00(512),Y(4) ,ABL{2)
LUhth/LATA/AbL Y !
DATHSAEL zZhNL, 3hYES), (Y=1h ,1hg,1h*,1hm)
A=Al .
A_A ' :}
L YLl t=l,N, . « . .
LF(AALL)- A)bLB.&Ub.Slb A , . :
A=hA(L)
[F(LL([)—A)915,/15,JLL
AstL{1)
LF(AA(L)- L);Bb.;ZS 925
L'thl) ' ‘
(Lt ()= b)&)b,;LL SuL - . . .
v=bt{1). »
LLAT INLL
fHLTLh = l L A '
It (A L=llil.L) 5L, 510, 51C
A = Z.L¥*AK
L = z.0%b :
fAleh = Zel* ALTLUR T
LL TL 520 '

4

(A=b)/1lz.L + 1.L -
RS = LML) - Z*KD

WhTE {6,1) . : .
FURATOIION e s el nenevaradeneeneeeeZoneoneneodannenseecbonesnesd

lbo-- ...... bo-n-o--o./..o--ahooL-o-.:(v.-&;oo--goa-lbooocoonollon-)

11t

130

1zL
15
1bb

9L

/

LU ILL Lzi,N

LG 1lu k=l 1lu

A(k)=Y(1)

b= AR(T)*FALTUL

h = {h’kb)/kb

X(k) - Y(Z) .

L = Lb(L)*FALTLK . . e
= (L-kS)/kL . '

(F(L-k)12L, 130,120 N

AML)=Y(3)

oL TU 1S .

ML)=Y(4) . .

INL=L4NL-1 ’

Wh1TE (6,90)ING,X :

FURMAT(LXT3,110A1) o o

WITE (6,1) . I , )

RETULRN .

ENU

SULRULLTTINE JALLLT N, L, JVEL M v)

SULPRULERAL FUK LlALUNA[lLATILN UF MATRTX L bY JUCLFSSIVF KUTATIUNS:

LINENSTUN L (Z0,20),V (20, 20) ,X(Z20), Th(20)

A A B AT N ST $ OB 7
.



o ul onl o

-

"'105" H

NLXT b7 STATERENTS FUR SETTING INITTAL VALLES GF MATRIX V
o . . |
U (avil) 16,15,10 ‘ , : T
16 Ly 14 T=1,N : - . ~
LU 14 3=1,M\ , ‘ ,
, W(L-d) 12,11,12 ‘ : \
*11v(L,3)=1.t . ' R
o T 34 ' . A

12 V{l,4)=L. , : i
14 LUNTINLL . . :

V] \ . « ~ %
15 1=l | ) \
NOAT & STATELENTS SUAN F Ok LAhb&‘T LFF LIAL. LLER. TN LACH hn . §

A1) LULNTATAS LARGEST ELERENT TN TTH Kk oo !

th(1) HULLS SELLAL SLLSLKIFT LEFINING PUSTTILN CF ELELENT i

. ~ ’ f Vd H

hl:N—l

LL 3L L=l

a(l)=L.

hJ:l+l

Lb 3L J=hd, N

b ({0)-abs (L(1,3))) zL,zL,30
b M)=ALS (L(L, ) ' e

th(l)= o
50 LUNTINLE ' ‘ '

NEXT 7 STATELENTS FANG FUA MARLRUN OF CACL)S FUR PTVUT LLERENT
4L Lu 7L L=l,00
IF(1-1) 6L,06,45 -
49 b {MmrR=X11)) ol, 706,70
L Miax=x{l) -
k=1 .
Je=1h (1) '
7L LUANTINLL
. - _
NEXT 2 STATERENTS TEST FEh XMAX, [F LESS TLAN 1U*¥-g,LL TG 1GLC

EPSlzl. bt
F {XbAA-LFST) 1000, JULL, 14E

14t 1=+l

1 (LOUP, W) -G (OF,3F)) 156,151,151
150 TANG =-2.*¢L(LF, JP)/(AbS(u(IP P) WOIF LIP ) )45LRT (L (Tk, TP) =L (TP, JP)
1)**z44 . %G (LF, JP)**{ZZ
LU TL 160 ]

151 TeNG =+2.%G (L, JP )/ (ALS (L (TR, TP ) =B(IP, IF ) )+ SLET (LG (LR, TF) =L (JP, JF)
L)** 24l (1P, IF)**2)) . - ,
16U LUON=1. 0/S0RT (1. C+TANG**2) . 1

« v




[ e ot

152

. 155

'k ul e allien

1

155

Zut
Z1t
23
e

- 106 -

.

STINL ZYANG*LLON C

LIS (P, LP)

LlTF, 1F )= LUON**Z2% (L T+TANG*(2 4G (1P, IP )+ TANL*L (TP, JF)))
G(IF,IP)= LOSN**L* (LIP3 IP)=TANG* (2. % (1F, JP)=TANL*(T1) -

GTE, 0k )=U.
NEXT 4 STATEMENTS FUR FSELLL RANK GF ThE EIGENVALLES

W (W(UF, TP)-L(3F,3P)) 152,153,153
ThiF=u (1P, 1)

CWLTF AR) =L (R, 3P) .

L{3k, ub)=TELE

A

NEXT ¢ STATERENTS ADJLS1‘SIN,LL5 FUK LULMFULTATION OF GCT,R), V(L k) -

IF{SINL) 154,155,155
TELE=+LLON

WL Tu 17L

Thib ==L LON
LUSN=ALL (S INE)

SINM. 2RI

3 .

NEAT 1L STATELLENTS be INSFECTING  THE I"S DETWEIN 141 AND N1 TL
LETLRGING WHETHER A NCW BAXTHUN VALLE ShLLLL BF CubFUTEL STNCE
Tht, FRESENT W AXLRLE 1S TN THE 1GR3 Rk

LU 350 L=1,1.1 ., '

b (1=1P) 210,250, <L , . s
F (L=3F) 210,350,210

IF (Lh(L)-1F) 230, 260,231

IF (1h{1)=uP) 35L,z4L,350

h= (L) :

ThizL (L, k)

LWL k)=L. T

fusl+l

x(1)=bL.

NEXT 5 STHTEMENTS SkakUh ™ IN LEPLETEL hUw FUK Wew FANLELR

Ll 320 J=hJ,N

gF (X(1)-AL9(L(1,3))) 3LL,30G,320

A =ALS(L(L, D)) ‘ )
1h(l)=3

CONTINLE .

WL, h)=TENE

CUNTTALE

A1)z, , o v

X(JF)=0. ‘\\\\E
NEXT 30 STATEMENTS FUk. CHANCING THE CTHER ELEMENTS OF G

o |

\ N

ey 3 R o T

L VAN DNV S

-
PR



LU 530 1=1,A

 LF(L=1P) 370,530,420

370

130

A
ANal
c

4iL

4zL
430

440

450
4l

4y
500

S1L

-

544

2oL

1oy

ThbF=G (L, k)

L, LE) L USN*TEY F4+SAINE*G (L, JF)

U IN(U)-ALSIL T, TF))) 360350, 390
KL =ALS (WL 1)),

W)=tk . r.

WL, oF)=-S INL*TLLPALGON*L (L, 3P)

F (x(1)-ALS{L{1,IP))) 4LL,53(,530
X{1)=RbS{L(T, P))

hi(l)=ar

LL TU 550

1k (1-JP) 430,530, 486
TELP =L (TR, L)
LLE, 1) 2L UON*TLE R4S TN XL (T, JF)
IF (x(lp) ALS(LILP, 1)) 640,450,450
ANLP)=ALS(LILR, ) .
Lhi{ti)=v
WLy JP ) == INEXTEEE+LUONR (L, JP)
tF ’x(l) ~aLS (G (1, 0P ) )) oll, 530,530

Thrb= u 1P, L) .

L(LP, D)= LUSN*T}MP+SINP*L JE, 1)

FONF) AL S (LILP, L)) 4SL, bLL SLL

MUY =ALL (LS 1P l))

Lh(ir)=1

IR, D) z=S INE*TELEF+LLOARLLTP, 1)

W OoP)-ALS (L3P, 1)) 510,530,530
ANIF)=ALS(L{(IP, 1)) !
(k=1 .

. LUNT INLE

NEAT 6 STATERENTS TEST FUh CORPLTATIGN OF ELGEAVELTORS

I (UVEL) 540440, 540

LL 55U l=1,N

TEMP=V (L, LF)

V{1, TF)= CLINXTLLE+STRE*V (L5 0F)
V1, 0P )==S INCATERF4LLSN*Y (1, JP)
LL TC 4u

RETURN

* ENL

-




vbk
Ot
Ck

LIV

L

10
sl
1V
hE
ht
ING
1¢
bl
b
AT
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