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Modelling Mossbauer spectra of biotite

Jonas Bermin

Bermin, J., 2001: Modelling Mdssbauer spectra of biotite. Examensarbete i geologi vid Lunds
Universitet. 20 poding.

Abstract

The Mossbauer effect is used in this work to determine the oxidation and site occupation in biotites that
have been treated in different pHs. The work also gives an introduction to the theory behind the M&ssbauer
effect as well as Mossbauer spectroscopy.

It is obvious that the pH has a significant role in the oxidation of the biotites, the more acidic the sample the
more it will be oxidised. It is also clear from this study that of the two different sites in the octahedral
positions it is the M2, or the cis-position, that is the one that is easier to oxidise. These statements require
that the models used to fit the spectra are accurate. This work gives a brief model comparison between two
well-used methods, the Lorentzian line doublets and the QSD’s. This comparison together with comments
from other writers suggested that the QSD model would be the best one to use. The model gives good data
on the oxidation state but the data given from the M1, M2 occupation isn’t as good. This problem is
however common for any model studying biotites. A short comparison to the Mossbauer spectra of
Muscovite, a mineral similar in chemistry and structure, to biotite, is given because of the difference
between the spectra of the two minerals. Muscovite shows easy separation between the two M1, M2 sites
while biotite doesn’t. The reason to this difference is probably dependent on the chemical differences and

the differences in distortion between the sites of the two minerals.

Jonas Bermin, Department of Geology, Sub department of Mineralogy and Petrology, Sélvegatan 13,
S-223 62 Lund, Sverige
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Modellering av Mdssbauerspektra for biotit

Jonas Bermin

Bermin, J., 2001: Modelling Mossbauer spectra of biotite. Examensarbete i geologi vid Lunds
Universitet. 20 podng.

Abstract

Mossbauer-effekten anvinds i detta afbete for att bestimma oxidationsgrad och plats besittning i biotiter
som har blivit behandlade vid olika pH. Arbetet ger ocksa en introduktion till teorin bakom Méssbauer-
effekten samt till Mossbauer-spektroskopi.

Det &r tydligt att pH har en viktig roll i oxidationen av biotiter, ju surare prov desto mer kommer det att
oxideras. Det dr ocksa klart fran det hér arbetet att av de tva oktagon positionerna &r det M2, eller cis-
positionen som oxideras lattast. Dessa uttalanden kréver att modellen som anvinds for att passa spektrumen
ir korrekt. Detta arbete ger en kort modell jimforelse mellan tva ofta anviinda metoder, Lorentzian
dubbletter och QSD. Denna jamforelse tillsammans med kommentarer frén andra artiklar tyder pa att QSD
modellen dr den bésta att anvéinda. Modellen ger bra data om oxidationsgraden men data fran M1, M2
besittningen 4r inte fullt lika bra. Detta problem finns for vilken modell man &n anvénder for biotit. En kort
jimforelse med Mossbauer-spektrum av muskovit finns med i arbetet, muskovit &r ett mineral som liknar
biotit bade kemiskt och strukturellt. Skillnaderna &r dock stora i Mossbauer-spektrer, dar muskovit ger bra
data pd M1, M2 besittningen medan biotit inte gér det. Anledningen till denna skillnad &r troligtvis
beroende pa skillnaderna i kemisk uppbyggnad samt sma skillnader i form av de tva positionerna mellan de

tva mineralen.

Jonas Bermin, Department of Geology, Sub department of Mineralogy and Petrology, Sélvegatan 13,
S-223 62 Lund, Sverige







|

1 Introduction

1.1  Origin of samples

This work is based on biotite samples
originally described by Hainping et al. (1994).
These samples have then been analysed using
Mgssbauer spectroscopy, a technique less
familiar in the Dept of Mineralogy &
Petrology, Lund University. A detailed
explanation is therefore helpful. The
explanation deals with the different Mossbauer
hyperfine parameters, problems with
interpretation of Mossbauer spectra and a brief

theoretical background.

1.2 The problem with fitting

Mdssbauer spectra to biotite.

In Méssbauer spectroscopy of biotites it is easy
to determine the oxidation state and
coordination number of iron (Rancourt 1994a).
The major difficulty is determining whether the
octahedral Fe*" is in trans- or cis configuration
(M1 or M2). According to Rancourt (1994b)
this is not possible to do. However, other work,
such as Goodman and Wilson (1973) and Rice
and Williams (1969) suggest that this can be
done. Moreover, Ferrow (1987) observed well-
resolved lines for Fe** in highly oxidised
biotite ascribed to Fe*" in cis and trans
configurations. Keeping this problem in mind
the approach to M1 and M2 site occupation in
biotite using Mdssbauer spectroscopy was
studied carefully. The reason that it is hard to
decide site occupation for iron in M1 and M2 is
that the Mdssbauer lines overlap, resulting in
one asymmetrical broad line that is the sum of

the two actual lines.

The difference between Fe?* and Fe’* is easier
to decide as the different lines are clearly

separated in the Mdssbauer spectrum.

1.3 Aim of this study.

This study is made as a Masters thesis in
geology with the aim of studying the
dependence of pH on biotite and to find a good
way to determine the occupancy of M1 and M2
positions in the octahedral sites using
Mossbauer spectroscopy. The study also tries
to find an answer to why the Mdssbauer spectra
of biotite and muscovite show big differences

in the M1 and M2 positions.

2 Materials and experimental

techniques

The biotites used in this study come from the
collection of the mineralogical museum of the
Institute of Earth Sciences, Uppsala University.
They were treated as described in Hainping et
al (1994). The samples were crushed into
coarse pieces and then handpicked to get the
purest samples. These samples were then
ground to 63-124 pm. The mineralogical purity
was checked with a diffractometer to be 95%.
The chemical composition of the biotite was
analysed by SGAB Analys (Luled). The
chemical formula is:

Ko,86(Alo, 10Mg0.97Tio 12Mng 02Fe1 80) (AL 26S12.74)
0,0(OH),.

In the lab in Uppsala, small amounts of the
biotite were put into bottles with a solution
containing Sppm Be with fixed pH. The bottles
were shaken continuously at room temperature.
Three different pH’s were used, 2, 6 and 9. All
of the bottles were prepared under the same
conditions, but run for duration of 30 minutes
to 20 days. Four minutes before the end of the

set time the bottles were centrifuged to make




Time Concentration (mmol/l)
(minutes) Si Al Fe Mg ‘
In pH?2 solution
30 0.041 0.071 0.076 0.018
60 0.10  0.073 0.088 0.021
1440 024 025 0.33 0.054
4320 0.46 045 0.59 0.14
14400 1.07  0.87 0.97 0.25
28800 146  1.12 1.04 0.28
In pHG solution
30 0.066 0.013 <0.0001  0.003
4320 0.050 0.009 <0.0001  0.004
14400 0.014 0.012 0.0007 0.004
In pHY solution
30 0.029 0.20 0.0003 0.003
4320 0.005 0.39 0.0009 0.003
14400 0.061 0.39 0.0001 0.003
Table 1. The results from the experiments made by Hainping et al. (1994) for the
different pHs.
the solid particles sink to the bottom of the using Fe-foil with a thickness of 25 pm
bottle. After centrifugation the solution was supplied by Dupont Pharma.
used for determining the concentration of a Thin tablets were prepared by mixing the
number of elements (Table 1). The solid sample with a transoptic material, called lucite,
particles were dried at room temperature and it until the weight was about 150 mg. The mix
is these samples that have been used in this were then put into a steel cylinder and quickly
study. heated to about 140 degrees Celsius. The warm
Méssbauer spectra were recorded at room cylinder was now pressed from top and bottom
temperature on a Mgssbauer spectrometer with and allowed to cool off to room temperature
a*’Co/Rh source. A simple spectrometer like this. After carefully opening the cylinder,
interfaced to a PC computer is used for the tablet measuring 10 mm in diameter and
collecting the data (Mashlan et al., 1994). The less than 2 mm thick, could be extracted and
PC controls the form and amplitude of the put in a plastic bag waiting for analyse. This
velocity signal, the energy window of the procedure was worked out by Annersten
single-channel analyser and the high voltage of (1974). Since sheet silicates have preferred
the scintillation YAIO;: Ce (YAP) crystal orientation, the tablets were put into the
detector. Mdssbauer spectra in lengths of 1024 spectrometer at an angle of 54.7° to obtain as
channels were accumulated using constant symmetric absorption doublets as possible. The
acceleration mode. Velocities were calibrated spectra were computer-fitted using the Voigt-

based quadrupole splitting distributions, QSD,



program in Recoil, a commercially available

Mossbauer spectral analysis software package.

3 Méssbauer Spectroscopy

3.1 Theoretical background

Ever since Rudolf Mdssbauer discovered that
atomic nuclei absorb and emit gamma rays
without loss of energy, also known as recoil
free resonance, in 1957, the method has been
used as an important tool in mineralogical
research. His discovery is called the Mossbauer
effect and gave him the Nobel Prize in physics
in 1963. The effect is used in Mssbauer
spectroscopy by putting a sample in between a
gamma ray emitter and an absorber. The
emitter has to emit photons of the correct
energy levels to excite the sample. In this case
the atom used both as source and sample is
*"Fe. To make the source emit photons of the
correct type >’Co decays to an excited, non-
stable, state of *’Fe. This reaction can be
written: °"Co,; + O,B_l — "Fey. As the

produced Fe falls to its ground state it will emit

“Co

RS

1=5/7%

D

\Electron capture

three different gamma rays. These gamma rays
are of the energies 14.4, 123 and 137 keV. In
Mossbauer spectroscopy the 14.4 keV gamma
ray is used (figure 1). The reason that the 14.4
keV gamma ray is best to use is that the
probability of recoil free absorption/emitting is

higher with a low energy gamma ray.

In order to get information out from the study it
is interesting to alter the energy of the gamma
ray slightly. This is easily done by putting the
source on a loudspeaker film. By vibrating the
film back and forth with the speed of a few
mm/s the energy of the emitted gamma rays
will be altered slightly because of the Doppler
effect. An example of an experimental set-up is
shown in figure 2. A radioactive source is
mounted onto a drive system.

One measures as a function of velocity either
the count rate of the transmitted radiation
through the sample or the count rate of the
backscattered electrons, x-rays or gamma
quanta. In the former, one obtains information

on the bulk while in the latter the information

“"Fe

P

137 keV

=372

123 keV

I=1/2

h 4

14.4 keV

stableS7Fe

Fig 1. Energy diagram describing the energy levels of the different states of " Fe.
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emitted x-ray,
y-ray and electrons

Detector

Backscattering
Geometry

counts

velocity [mm/s])

Figure 2. Schematic set-up of a Mossbauer spectrometer.

gathered comes from the first 200-300 nm of
the sample, providing information on the

surface chemistry.

3.2 Isomer shift

The isomer shift is a parameter in Méssbauer
spectroscopy that describes the electrostatic
interaction between the nucleus and the
electrons. When this interaction changes there
will be a slight change in the energy needed to
excite the nucleus, this will lead to a shift in the
spectrum. An example is the difference
between Fe’" and Fe’*. These two ions have
different numbers of electrons but the same
number of protons and will therefore have a
major difference in the interaction between the -
nucleus and the electrons surrounding it. The
Isomer shift will increase with the number of
electrons around the nucleus. This means that
the Fe** will have a smaller Isomer shift than
the Fe?*. If the ground state and the excited
state would react in the same way to this
electrostatic interaction they would both have
energy levels that would differ with the same

amount and the resulting energy leap would

10

Detector

counts

velocity [mm/s,

Transmission
Geometry

always be the same. Fortunately for Mdssbauer
spectroscopy, the ground state and the excited
state will not act in the same way and therefore
the energy needed to excite the nucleus will
differ.

3.3 Quadrupole splitting

When the nucleus goes from its ground state to
the excited state because of the 14.4 keV
photon the quantum number 7 changes from [ =
'1/2 to I=3/2. This means that the quantum
number m; can have four different values as m;
=1 I-1, ..., -I. The ground state will only have
one energy level given that there is no
magnetic field present. However, the excited
states have two different energy levels (m; = +
3/2 and m;= #1/2), which will produce two
separate absorption levels. This separation or
split in energy levels is associated with the
electrons of the surrounding ligands and it is
called the Quadrupole split. The Quadrupole
split is therefore useful to determine the
coordination number of the Fe siteA way to
describe what actually happens in the nucleus

is to imagine the nucleus as a slightly elongated



+ A+ + f
N N

3a 3b

Fig 3. The difference between the quanta symbolises a change in the shape of
the nucleus. This change produces differences in energy.

sphere. If the sphere is elongated in different a circular sphere and because of that it can’t
directions there will be different energy levels have different directions.

depending on the environment near the atom.

In figure 3 there is a difference between 3a and

3b. 3a has a higher energy than 3b as the 3.4 Magnetic hyperfine splitting

nucleus is of positive charge. The reason why If the sample are analysed while being in a
there is no difference is the energy levels for magnetic field, or if they are magnetic on their
the ground state might be that the nucleus own the Mdssbauer spectra will look
doesn’t act like an elongated sphere for its completely different from what has been
quantum number (/ = 1/2). It might instead be described so far. The difference is that now
| Source Absorber [somershiit Quadmpotz- Magnetic splitting
3 splitiing :::Z
| 732
N\ m, =432 \ ’;g
MNuclear N o ot 2
levels
=12 < "
L \_l_l_ ”, /2 112
"w Al A
t MA
IMER
Messbuauer IRTR!
Spectra ’ r ll i
J , \
W L | —_ i 1} d
'.g K '3 ‘43 [ '_1_ J.,j 0 -5 -'2 0 i
Yeloeiy (nandsy Yeloeity (s Veleeiy 1mm's) Velocity (mm/s)

Figure 4. This figure shows the different Mossbauer spectra described in the text. First there is a single
line that is centred in the spectrum. This is what happens when the absorber is a single nucleus without any
surrounding electrons or atoms. The second spectrum, the isomer shift, is also a single line but it is not
centred. This will be the case for an atom that is situated within a crystal where all atoms are the same and
all distances between atoms are equal. The third spectrum, the quadrupole spectrum, shows what happens
if the sample is in a crystal where the surrounding atoms are not the same in all directions. The last

spectrum shows the magnetic split that will be produced if the sample is magnetic or put in a magnetic
field.

—



there will be six lines instead of the double
lines produced by the quadrupole splitting. The
reason is that the different magnetic spins will
change in energy depending on the magnetic
field. The ground state will have two energy
levels and the excited state will have four.
These different energy levels should be able to
produce eight lines if all was working ideally.
There are however only six possible lines, this

has to do with not permitted quantum leaps.

4  Modelling quadrupole splitting

4.1  cis vs trans configurations

The difference between the M1 and M2

positions in a biotite was studied using a

—

computer program called Atoms. In this
program one can measure the angles and
distances within the biotite structure. The two
positions differ in the way that they connect
with the surrounding ligands. Both positions
are in the shape of octahedrons, which means
that they have a central cat ion surrounded by
six anions. The central cat ions are surrounded
by four oxygen anions and two hydroxyl
groups. The difference is that in the M1 the OH
groups have a trans configuration while in the
M2 the OH groups have cis configuration. The
cis means that two OH groups are connected
next to each other in the structure while the
trans means that the OH groups connect
opposite to each other. Figure 5 shows the

structure of the biotite. Because of the

Si0

OH

Figure 5. The atomic structure of a biotite. The trans positions, or M1 are the green octahedrons and the cis

positions, or M2, are the red octahedrons.
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symmetry of the structure there is twice as

many M2 than M1 positions.

4.2 Octahedral site distortion

The distances between the central atom and the
surrounding atoms for the octahedral positions
M1 and M2, for biotite were measured using
Atoms. The biotite used is described by Hazen
and Burnham (1973) and the structural
parameters are presented in Table 3 together
with the structural parameters of muscovite as
described by Lin and Bailey (1984). If the
positions would have been symmetrical, all six
metal-oxygen (M-O) distances should be
identical and the angles between oxygen-metal-
oxygen (O-M-O) should all be 90 degrees. As
seen in Table 3 this is not the case. There are
two different forms of distortion of the
octahedral site. The first case deals with the
difference in distance between the metal and
the oxygens and the second case deals with the
distortion of the angles between the O-M-O.
The first distortion can be measured in many
ways. In this study the method defined by
Brown & Shannon (1973) will be used where

they defined a distortion parameter:

1|l -1
Ag== Y |A—n], 1
°76 llm @

where /; is the measured O-M distance and /,, is
the average M-O distance of the octahedron.
This summation is made over all of the six O-

M distances.

13

For the second type of distortion, the distortion
defined by Robinson et al. (1971) was used.

They defined an angular distortion parameter:

oy = 1—112’(6)1 -90)|, @
where ©; is the measured O-M-O angle. The
summation is made over the twelve O-M-O
angles.

The two different parameters A, and o are
difficult to selectively correlate to the observed
Mossbauer spectra. The correct approach is to
combine the two distortion parameters as one.
However, this will cause a problem, as the first
parameter doesn’t have a unit while the second
one does. To avoid the problem it is possible to

redefine the parameter o, as:

| ®,-90
Op=—) | ——— 3)
11 90
By doing this we remove the unit from the
second parameter as well and it is then easy to

combine them to a new distortion parameter:
Q=A,+0, “4)

The different distortion parameters obtained for
biotite and muscovite using the data of Hazen
and Burnham (1973) and Lin and Bailey
(1984) are listed in Table 2.

It is clearly shown that the M2 position in
muscovite is strongly distorted if it is compared
with the three other positions in Table 2. This

difference in distortion could be the reason

—




why the overlap of the two doublets originating
from the M1 and M2 positions in the
Mdssbauer spectrum of muscovite is less

severe than in biotite.

5 Results

5.1  Fitting methods

Two different approaches to fitting the spectra
were compared. First the widespread method
using Lorentzian doublets and then a -method
called Quadrupole splitting distribution (QSD).
These two different methods were tested on the
sample with the best statistical result (jb375).
The different models were applied with the

I R T R RO

same number of free parameters and then the
values of the reduced %> were compared. The
resulting Mdssbauer spectra are shown in
figure 6 and the Mossbauer parameters are
listed in Table 3. To get the same number of
free parameters, two of the three widths of the
QSDs were set as free parameters (Rancourt
1994a).

As Table 3 shows, for the same number of free
parameters, the QSD model gives a better fit
than the Lorentzian fit model. As Rancourt
(1994a) demonstrated the QSD is also easier to
correlate with the real physical positions. Due
to the results from this comparison (s = 0.89
versus 1.5) the rest of the samples were all

fitted using QSDs.

Paragonite (Muscovite) Phlogopite (Biotite)
M1 M2 M1 M2
O-M O-M-O O-M 0O-M-O O-M  O-M-O O-M  O-M-O
1.908 922 2253 811 2.071 85.8 2.080 853
1.923 92.3 2253 811 2.071 85.6 2.080 94.7
1.907 92.5 2249  79.6 2.083 952 2.080 96.5
1.930 94.8 2249  79.6 2.083 96.5 2.080 835
1.891 92.5 2.160  79.6 2.040 952 2.030 94.7
1.891 94.8 2.160  79.6 2.040 85.6 2.030 835
78.8 98.9 96.5 96.5
78.6 98.9 83.2 85.3
77.0 100.4 96.0 83.5
98.9 100.4 96.0 96.5
96.1 100.4 83.2 96.5
96.1 100.4 81.2 83.5
Average 1908 90.38 2.221 90.00 2.065 90.00 2.063  90.00
Ao 0.006 0.018 0.008 0.011
Go 0.070 0.110 0.066 0.065
Q 0.076 0.128 0.074 0.076

Table 2. O-M is the distance in A between the central metal atom and the ligand oxygen in the

octahedral site, O-M-O is the angle between two oxygen and the central metal atom in the polyhedron.

The different distortion parameters are listed at the bottom of the table.

14
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Fig 6. The two different fitting models. The three Lorentzian doublets are the left spectrum and the QSD

T
2 4

5.2 Experimental results

The different samples were named in the order
they were analysed. The order was made
without any special meaning except to try and
fit in as many samples as possible during the
time (this means that the samples with low
mass often were left in the spectrometer during

the weekends).

5.3 pHG6 experimental results

The spectra were all treated as described
before. Figure 7 shows some representative

spectra recorded and fitted from the

Fit Site 8 A o Area  BG No. A red
(mm/s) (mm/s) (mm/s) (%) (MC/ch) par.

3 Lorentzian  [3+] 0.441 0.896 0.242 19.70

[2+]-1 1.12 2.563* 0.172*  51.30

[2+]-2 1.09 2.12% 0.29* 29.00 1.840 9 1.5
QSD [3+] 0.39 0.981 0.565 25.43

[2+]-1 1.13 2.563* 0.200 48.58

[2+]-2 1.13* 2.12% 0.29* 2599 1.838 9 0.89

Table 3. Fitting parameters for 3 Lorentzians and 3 OSDs on the same sample. * indicates values that were
frozen during the fit, § = Isomer shift, A= Quadrupole split, o = width of line at half depth, BG = Back ground.

experiments with pH6. The Mdossbauer

parameters obtained are listed in Table 4.

It is easy to see from Table 4 that, at pH 6, the

amount of Fe*" in the spectra’s increases with

treatment time, though the increase is small.

The Table also shows that there is a visible

change in the M 1/M2 ratio within the series.

Though the change is not regular, Table 4

shows that the percentage of iron in M1

increases with time while that in M2 decreases,

indicating that the rate of oxidation in M2 is

faster than in M1.

5.4

PH?2 experimental results

Similarly representative spectra for the pH2

experimental series are shown in figure 8 and

15
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Figure 7. This figure shows different spectra’s from the pH6 experiments. These are all fitted, as described in
the text, with the quadrupole splitting distribution method. There are two visible doublets in every spectrum, the
deeper of them derives from Fe** and the second one, with smaller quadrupole split and smaller isomer shift is
the Fe** doublet. The spectra are sorted after how long they were in the solution. a was in the solution fora

shorter time than b and so on.

Time (minutes)  Fe*(%) M1 (%) M2 (%) Fe’ (%) Sample name
In pH6 solution
30 71.7 32.7 673 28.3 jb358
60 73.7 32.6 67.4 26.3 jb362
480 70.2 36.5 63.5 29.8 jb360
1440 71.7 30.8 769.2 28.3 jb361
4320 72.5 323 67.7 27.5 jb364
7200 73.1 31.6 68.4 26.9 jb359
14400 70.6 38.1 61.9 294 jb357
28800 69.4 39.0 61.0 30.6 jb363

Table 4. The different positions from the pH6 experiments presented in percent.

the corresponding parameters are listed in

Table 5. Once again it is obvious that the Fe**

increases with the time in the pH2 series as
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well. The M1/M2 ratio also changes, again

increasing in M1 and decreasing in M2.




Intensity (‘10e counts)
Intensity (10° counts)

v (mm/s) v (mm/s)

Intensity (1 o® counts)
Intensity (10u counts)

v (mm/s) v (mm/s)

¢, jb366 d, jb370
Figure 8. This figure shows different spectra’s from the pH2 experiments. The spectra are sorted after how
long they were in the solution. a was in the solution for a shorter time than b and so on.
clear trends in changes in the amount of Fe3+
and in the M1/M2 ratio. This might be due to
the difference in duration time. In pHs 2 and 6

5.5  pHY experimental results

Finally, representative spectra for the pH9

) ) _ the samples were kept in the solution for twice
series are shown in figure 9 and the relative

as long as for those in pH 9. There is however a
intensities for the Fe sites are given in Table 6. S

] vague trend that the Fe’" increases at the end.
Here, however, it is not very easy to see any :

Time (minutes) Fe¥(%) MI(%)  M2(%)  Fe*(%)  Sample name
In pH?2 solution

30 68.7 29.7 70.3 31.3 jb368

60 67.5 32.2 67.8 32.5 jb365

480 67.3 32.1 67.9 32.7 jb366

4320 69.1 39.3 60.7 30.9 jb369

28800 63.3 39.0 61.0 36.7 jb370

Table 5. Site occupation for the pH2 experiments presented in percent.
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Intensity (1 o° counts)

Intensity (105 counts)

v (mm/s)

Intensity (10' counts)

b, jb372

v (mm/s)

2.42

Intensity (10e counts)

v (mm/s)

¢, jb375

Figure 9. This figure shows different spectra’s from the pH9 experiments. The spectra are sorted afier how long

d, jb376

v (mm/s)

they were in the solution. a was in the solution for a shorter time than b and so on.

Time (minutes) Fe’* MI1(%)  M2(%) Fe’* Sample name
In pH9 solution

30 735 349 65.1 26.5  jb371

1440 74.4 31.7 "68.3 25.6  jb373

4320 73.9 35.8 64.2 26.1 jb372

7200 74.7- 36.4 63.6 253 jb375

14400 72.8 36.6 63.4 272 jb376

Table 6. The different positions from the pH9 experiments presented in percent.
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Figure 10. This figure shows the relation between Fe’* and Fe** over time for the three different pHs.

The results from the three different pH

experiments are summarised in figure 10.

Discussion and conclusion

From the interpretation of the spectra it seems
clear that Fe’* increases with time for all three
pH series (see figure 10). It is also easy to see
that the oxidation has been stronger in the more
acidic experiments. Unfortunately in this study,
data from the original, unaltered, biotite sample
is not available. This is obvious in Fig. 10
where the three different lines start at different
Fe*'/Fe3+ ratios, since the Mgssbauer data
available is for samples that have been treated

for at least 30 minutes.

To show what happened after these first 30
minutes two new plots were made. These new
plots were made with the average of the three
30-minute values as a reference value. The
remaining data points of the three series were
recalculated to account for the averaging done
for the 30 minutes runs. If the difference
between the 30 minutes run and the average
value is positive for a given series, then the
value of the remaining runs within that series is
reduced by the same amount and vice versa.
The results after recalculation are plotted for
both the Fe*"/Fe’" ratio and the M1/M2 ratio in
figure 11.

Variations in the Fe** and Fe** (with common
starting point)

29 e o
2.7I

30000
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L 2-5(Er ‘/\\\ § +sz
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@ —| |
2.1 o |
1.9 : ; )
0 10000 20000

M1/ M2

Variations within the Fe?* (with common
starting point)
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/
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Figure 11. Plots showing the same as in Figure 10 with common starting points.
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In the new plot, the Fe**/Fe’* ratio for the three

series approaches each other. It is easy to see
that the difference in the oxidation ratio is now
less. This means that the large differences
shown in Fig. 10 were due to the differences
already built up during the first 30 minutes.
The plot showing the M1/M2 relation doesn’t
show the same pattern. The reason to this
might be that the two sites keep on changing
after the first 30 minutes in a greater way than
the Fe*"/Fe’*.

All the results show that the biotites that had
been treated at lower pH are more altered than
the biotites treated at higher pH. This is visible
both in the original diagrams and in the new
diagrams with common starting point.

The model used for interpreting the Fe?*/Fe**
ratio seems to be accurate as the plots in
figures 10 and 11 show some kind of evolution
with time. If the results had shown random
evolution the model would most likely be
wrong. However, the evolution in the M1/M2
ratio is not fully random though the correlation
is not perfect either, suggesting that the model
used may not be sufficient to describe site
population in M1 and M2.

The distortion in the M1 and M2 positions of
biotite and muscovite seems to be the main
reason to why the two minerals show big
differences in the Mossbauer spectra. The
distortion of the M1 and M2 sites in biotite
appears to be similar while the distortion of the
muscovite shows larger difference between the
two sites. The difference in the degree of
distortion between biotite and muscovite
together with the chemical difference of the
octahedral sites (Al is the main cat ion in
muscovite while in biotite Mg, Fe and Al are
present) may be the reason for the difference in

Mossbauer spectra between the two.
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