
?

\Biotite Oxidation: An Experimental and Thermodynamic Approachf
by

Carolyn Rose_¥Rebbert ,,

Thesis submitted to the Faculty of the

Virginia Polytechnic Institute and State University

in partial fuliillment of the requirements for the degree of

Master of Science

in

Geological Sciences

A APPROVED:

lib
ig "äßeß

David A. Hewitt, Chairman G. V. Gibbs

,.,5 ,
/ uni,I.

Donald Rimstidt Jürgen Abrecht/ 2

May l986

Blacksburg, Virginia



Biotite Oxidation: An Experimental and Thermodynamic Approach

by

Carolyn Rose Rebbert

David A. Hewitt, Chairman

Geological Sciences

(ABSTRACT)

It is generally believed that oxidation of ferruginous biotites

proceeds by the oxybiotite substitution:

Fe2+ + OH' = Fe3+ + O2' + %H2

The role of this mechanism as an equilibrium process in hydrothermal systems

was studied for two compositions, annite, KFe,A1Si,O,„(OI—l),, and

siderophyllite, KFe,_,Al,Si,_,O„,(OI—l), , an annite with one Tschermak’s substi-

tution. These biotites were synthesized from oxide mixes and then annealed in

Shaw-type bombs under controlled hydrogen fugacities. Run conditions were

chosen near the maximum thermal stability limit and within the biotite stability

field along lines of constant hydrogen fugacity. Yields range from 93-96% for

annite and 95-98% for siderophyllite. Sanidine is the major impurity identified

along with minor amounts of fayalite or magnetite. The ferrous iron contents of

the biotites were determined by the wet chemical technique developed by Whipple

(1974). Total iron as FeO, as well as KZO, AlZO,, and SiOZ were determined with

the electron microprobe, and the biotite compositions were found to be close to

the stoichiometry of the ideal end members. Ferric iron was determined by the



difference between total and ferrous iron. Hydrogen contents were measured by

heating the sample in vacuo, reducing all hydrogen species released, and deter-

mining the moles of 1-1, volumetrically.

The hydrogen contents of the biotites are low (<3% 1-1,0) and do not vary

with hydrogen fugacity for a given composition. The ratio of ferrous to total iron

was found to be directly proportional to the hydrogen fugacity regardless of

temperature. For hydrogen fugacities of 1 to 100 bars, this ratio varies from 0.76

to 0.90 for the annites and from 0.86 to 0.96 for the siderophyllites. The amounts

of ferrous iron and the nearly constant difference in ferrous iron content between

the two compositions is consistent with the proposed instability of a completely

reduced annite due to structural misfit between the octahedral and tetrahedral

layers (Hazen and Wones, 1972).

The annite stability field as presented by Eugster and Wones (1962) can thus

be contoured with lines of constant ferrous iron content. The curves mimic the

trends of the solid oxygen buffers which suggests that the mechanism of oxidation

is similar for both. Moreover, when mineral formulas are calculated on the basis

of 12 anions there is an excess of atoms in the octahedral sites. This excess varies

directly with the hydrogen fugacity of the runs. Recalculation of the formulae

on the basis of seven octahedral and tetrahedral cations results in a variable

. number of anions (11.6-12.0) that is positively correlated with the amount of

ferrous iron. This, together with the lack of variation of the hydrogen contents

in response to changing oxidation state, suggests that the oxybiotite substitution

is not the controlling mechanism in hydrothermal biotite oxidation. The data

support the following as an alternative reaction:



Fe2+ + %02 = Fe3+ + V102'

In this model the reduced biotites have anion vacancies that are lilled as

oxidation proceeds without changing the hydrogen content. The data also suggest

that other anion vacancy producing reactions may be occurring in addition to the

reaction above.
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INTRODUCTION

°Biotites are among the most common rock—forming minerals and are found

in assemblages of diverse bulk compositions and origins. Their chemical com-

plexity is manifested by the wide range of both cationic and anionic substitutions

that occur within the crystal structure (Deer et al., 1962; Guidotti, 1984). For

example, the general formula for a biotite is W"“Y§"ZL"O,„(OH,F,C1), where W

represents 12-coordinate cations such as K, Na, Ca, Ba, Rb, or Cs; Y represents

six-coordinate cations including A1, Mg, Fe2*, Fe"*,Ti, Li, Mn, or Cr; and Z re-

presents four·coordinate cations such as Si, A1, Fe°*, or Ti. Moreover, vacancies,

El, are commonly reported in the six- (octahedral) and 12-coordinate sites.

Such variability in biotite chemistry accommodates a number of possible

substitution reactions to account for any given compositional change observed.

Thus in both annite, KFe,AlSi,O„,(OH),, and in siderophyllite,

KFe,_,A1,Si,_,O„,(OH), , where iron may occur in both the ferrous and ferric

states, many substitutions have been proposed to explain the oxidation of the

iron. (see, for example, Eugster and Wones, 1962; Rimsaite, 1970; Farmer et al.,

1971; Gilkes et al., 1972; Ferrow and Annersten, 1984). Among the proposed

substitutions are the following:

(1)

1=e2+ + (0n)* = Fe3+ + 02*+ vzn, (2)
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Fe2+ + $1** = Fe3+ + Al3+ (3)

_ 1<+ + Fe2+ = Fe3+ + 12 (4)

where the number within the box represents the coordination of the vacancy.

Unfortunately, modern mineral analyses are usually accomplished by the electron

microprobe so that the concentrations of ferric and ferrous iron and of hydrogen
l

are rarely determined directly. Without this information it is difficult to evaluate

the relative roles of the different substitutions.

, Studies by Eugster and Wones (1962), Wones (1963a,b), and Wones and

Eugster (1965) suggested that the amount of ferric iron in ferruginous biotites

may be an indicator of the temperature and hydrogen fugacity under which the

biotites crystallized. They propose that oxidation occurs by reaction 2, which is

referred to as the oxybiotite substitution. A rough correlation between the ferric

to total iron ratio in synthetic biotites and the oxidation conditions at synthesis

was given by Wones and Eugster (1965) who showed that the amount of ferric

iron increased with oxygen fugacity at constant fmo. The ferric iron concen-

trations were estimated from the c cell edge (Wones, 1963b). Other studies using

diverse techniques have clearly established this relationship. The Mössbauer ef'-

fect was used by both Ferrow and Annersten (1984) and Wones et al. (1971) to

demonstrate the increase in Fe°* with oxygen fugacity. Partin (1984), using wet

chemical techniques, found similar trends.

Infrared and Mössbauer spectroscopy have been used by several workers to

determine the substitutions occurring as the iron is oxidized. Farmer et al. (1971)
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vermiculitized natural biotites by refluxing first with BaCl2 solution and then

with NaCl solution. This resulted in a small degree of oxidation as determined

both by chemical analysis and by the interpretation of IR spectra in the hydroxyl

absorption frequency range. Subsequent treatment with hydrazine, N2H„ re-

versed the changes completely. This suggested that oxidation of the iron was ac-

companied by the release of protons in accord with reaction 2. More vigorous

oxidation of the biotites by either hydrogen peroxide or bromine water resulted

in the formation of hydroxyl absorption peaks associated with octahedral vacan-

cies. Treatment with hydrazine could not completely restore the spectra to its

original configuration, and so it was concluded that further oxidation proceeded

by loss of octahedral iron (reaction 1). Similar experiments were carried out by

Gilkes et al. (1972) who also found the dominant mechanism of oxidation to be

the depletion of octahedral iron. However, oxidation of the biotites was also ac-

companied by a small loss in interlayer atoms as described by reaction 4.

In the study of Vedder and Wilkins (1969) two natural biotites were oxidized

by heating in air at various temperatures. The infrarcd absorption peaks as-

signed to hydroxyls surrounded by three filled octahedral sites in which at least

one site was occupied by Fe2* showed reversible intensity losses up to 500°C.

The reversals were accomplished by deuteration which suggested that the

oxybiotite substitution was taking place. Furthermore, thermogravimetric and

spectral data were compared, and scatter in the correlation of these data was re-

duced by assuming that some of the weight loss was due to loss of Hz rather than

of HZO• Dehydrogenation was followed by dehydroxylation of (0H) groups near

octahedral vacancies. Finally, at temperatures greater than 1000°C, hydroxyls
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surrounded by three octahedral atoms (none of which were Fe**) were lost. This
u

was in agreement with the work of Sanz et al. (1983) who observed that the

process was reversed when heating took place under low oxygen pressures

(9 >< 10* tol >< 10* bars). Between 400° and 600°C, dehydroxylation of (01-1)

groups associated with vacant octahedral sites occurred. lt was not until tem-

peratures in excess of 600°C were reached that iron oxidation and consequent

dehydrogenation proceeded.

All the above studies involved biotites formed under nonequilibrium condi-

tions. Ferrow and Annersten (1984), however, hydrothermally synthesized

ferruginous biotites and annealed them over a temperature range of 450° to

650°C using the solid oxygen buffer technique to control oxygen fugaeity.

Mössbauer spectroscopy and electron microprobe data were used to determine

Fe2* and Fe°* concentrations. Water content was calculated by successive ap-

proximations until the number of octahedral cations was in excess of three. This

number was checked by comparing observed unit cell parameters with those cal-

culated based on a knowledge of (OH) contents. This method assumed that there

were no octahedral vacancies involved in the substitution and that the oxygen

content was fixed. Based on these data, Ferrow and Annersten (1984) concluded

that the oxybiotite substitution was the operative mechanism.

Geometrie considerations of the mica structure impose further constraints

on the amount of ferric iron in biotites. In an ideal end-member annite in which

all the iron is in the ferrous state, the tetrahedral layer is smaller than the

octahedral layer. This misfit is present even for a tetrahedral rotation angle of

0° which expands the six-fold tetrahedral rings to their maximum extent. There-
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fore, articulation of the two layers must be achieved by some means other than

just structural distortions. Substitution of cations smaller than Fe2* such as
A13*, Mg2*, or Fe"* into the octahedral layer and/or substitution of cations

larger than
Si‘**

into the tetrahedral layer will tend to stabilize the structure.

Thus, Hazen and Wones (1972, 1978) predicted that ferric iron occupies approx-

imately 12 mole percent of the octahedral sites in annite or seven mole percent

of the tetrahedral sites. This prediction has since been supported by Wones et

al. (1971), by Levillain (1982b), and by Partin (1984).

Despite the many studies that have described the oxidation of iron in

biotites, there are no thermodynamic models for the substitution. Hewitt and

Wones (1975) predicted some nonideality in biotite solid solutions because the

difference in sizes of the M1 and M2 octahedra should lead to ordering of

different-sized octahedral cations. They showed that for iron-rich biotites there

was a positive deviation from ideality in the volume of mixing with the substi-

tution of octahedral aluminum. Since Fe°*, like Al°*, is a smaller cation than

Fe2*, nonideality in mixing is expected as an iron-rich biotite is oxidized. ln fact,

using the Mössbauer effect, both Levillain (1982b) and Ferrow (1984) observed
Fe’*

only in the smaller M2 site. The synthetic biotites of Partin (1984), who

considered the specific case of biotite-oxybiotite solid solution, showed ideal be-

. havior in the volume of mixing, but the amount of ferric iron substitution was

very limited. Assuming ideal solution and the oxybiotite substitution, she dem-

onstrated a linear proportionality between reciprocal temperature and an equi-

librium Constaut that included the ferric to ferrous iron ratio and the hydrogen

fugacity. However, the proportionality only described runs made using the Shaw
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technique for controlling hydrogen fugacity and could not account for those using

solid oxygen buffers.

The purpose of this study was to investigate further the roles of structural

hydrogen and hydrogen fugacity in the oxidation state of iron in synthetic

biotites. In particular, two compositions were examined: annite,

KFe,AlSi,O„,(OI-l),, and a siderophyllite, l<Fe,_,Al,Si,_,O„,(Ol-I), . l-Iydrogen

contents were determined in order to constrain the degree to which the oxybiotite

substitution could account for the observed variations in composition. The sub-

stitution was examined not only at the thermal maximum but also at conditions

well within the stability field for biotites.
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EXPERIMENTAL METHODS AND ANALYTICAL TECHNIQUES

The biotites were synthesized from oxide mixes composed of stoichiometric

proportions of Fisher certified Fe,O, (fired in air), SiO, glass (Corning Lump

Cullet #7940), y-Al,O„ (prepared by tiring AlC1,•6H,O), and K,Si,O, glass

(prepared using the method of Schairer and Bowen, 1955). The mixture was

subsequently reduced in a hydrogen atmosphere at 500°C for one hour.

Standard hydrothermal techniques were used to synthesize the biotites. The

charges were encapsulated with excess quartz·distil1ed water in either Ag„Pd„

or Au and set at a pressure of 4 kilobars and temperatures between 400° and

600°C in cold-seal pressure vessels (Tuttle, 1949). The runs were examined op-

tically and those with at least 98% biotite were utilized. Impurities identified

include magnetite, fayalite, and sanidine.

The biotites were then sealed in Ag„,Pd„ capsules and annealed using the

technique developed by Shaw for controlling hydrogen fugacities (Shaw, 1967;

Hewitt, 1977). Temperatures were measured with chromel-alumel thermocouples

which were calibrated against the melting points of LiCl and KCl and found to

be accurate to within i3°C. Pressures were measured with Heise Bourdon-type

gauges. One run was made using the graphite-methane buffer (French and

Eugster, 1965; Jacobs and Kerrick, 1981).

The annealed run products were examined optically with yields estimated

by comparison with standard mixtures of synthetic fayalite in synthetic

phlogopite (Appendix A). Weight percent of ferrous iron was determined by the
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wet chemical technique outlined by Whipple (1974). Stoichiometry of the biotites

was checked by an ARL·SEMQ microprobe. A natural fayalite and an

orthoclase were used as standards and data reduction was by the method of

Bence and Albee (1968). Due to the fine-grained nature of the crystals, the ana-

lytical methods and graphical procedures developed by Solberg et al. (1981) were

employed.

The hydrogen contents of the biotites were determined by an extraction

procedure at the stable isotope facility of the University of Utah. The samples

were heated in vacuum to approximately 1500°C within 20 minutes. The vapor

released, a mixture of H2 and H20, was placed in contact with a Cu0-bearing
Ä

furnace at 700°C so as to oxidize the H2. The water vapor was then passed

through a depleted-uranium-bearing furnace kept at 800°C in order to reduce the

water to hydrogen. The hydrogen was collected on an activated charcoal finger

and isolated from the main volume of the apparatus. When the hydrogen was

driven from the charcoal, the pressure was recorded on a manometer previously

calibrated in terms of moles of 1-I2 by the analysis of mineral standards. The

method was checked against thermogravimetric analyses of a synthetic muscovite

and phlogopite which had been analyzed by the extraction procedure as well.

The thermal analyses were performed in the VPI & SU Agronomy Department

at a heating rate of 20°C min·* in a nitrogen atmosphere on a DuPont 1090 sys-

tem.

The x-ray diffraction patterns of the biotites were obtained from an auto-

mated Philips diffractometer using Cu Ka radiation. Fluorite, CaF2 (a = 5.4633

:1:.0005 Ä), served as an internal standard. Unit cell dimensions were obtained

8



by the refinement of 12 to 20 reflections for each sample (Appleman and Evans,

1973). °
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RESULTS „

Optical Examination

All of the annealed runs were examined optically and some were observed

by means of scanning electron microscopy. The biotites in general are well-

crystallized with clean smooth edges (Fig. 1). Each run includes a wide range of

crystal sizes but low temperature runs have a smaller average size than higher

temperature runs and siderophyllites form smaller, thinner platelets (0.35-2 pm

wide, <0.5 pm thick) than annites (0.5-2 pm, 0.25-1 um thick) under similar high

temperature conditions. The siderophyllites are a bluish·green color in reflected

light, whereas the annites are a darker olive drab. In transmitted light both show

a faint pink to green normal pleochroism. All runs include a small percentage

of sanidine and magnetite and/or fayalite as impurity phases. They constitute

2-5% (by volume) of the siderophyllites and 4-7% of the annites.

Chemical Analysis

The wet chemistry analyses show a strong positive correlation between the

percentage of ferrous iron and the hydrogen fugacity, which is in good agreement

with the data of Partin (1984) (Table 1, Figure 2, Figure 3; note that the QFM

points of Partin were not included since they had low biotite yields (<90%) and

were annealed at conditions essentially on the decomposition curve of biotite to
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Tablc 1. Shaw bomb anncaling cicpcrimcnts at P= 1000 bars

Run # Tcc) 1=H2(bars) 1%+2/(1=¤+2+1=¤+3) =•·
%H2O

17** 801 143.0:i:13 .954 2.626/30 748 102.4 .955 2.86ACDE 750 51.7 .945 2.77BC 669 51.7 .940 2.713/22 549 51.7 .950 2.83Af7A 671 10.0 .916 2.628/29 581 10.0 .913 2.835/36 520 1.0 .861 2.7

41 750 102.4 .892 2.210/11 749 51.7 .890 2.319/21 640 51.7 .900 2.415/16 640 10.0 .828 2.323/24 550 10.0 .830 2.531 520 1.0 .769 2.439 520 1.0 .762 2.4
KFO2MgAlSi3Ü1g(Ü}I)2

38/40 749 51.7 .942 2.5

*Ca1cu1atcd rclativc to FcO wcight pcrccnt in thc "idcal" biotitc.
**Run made using graphit:-mcthanc buffer.
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sanidine, magnetite, and vapor). The annites contain 5-9% more ferric iron than

siderophyllites annealed under similar conditions, and this percentage is approxi-

mately constant. Partin (1984) attributed this difference to the structurally re-

quired ferric iron necessary for articulation of the tetrahedral and octahedral

layers as proposed earlier by Hazen and Wones (1972).

The data in Table 1 indicate that the amount of ferric iron is essentially

constant for a given hydrogen fugacity regardless of temperature variations. This

agrees well with the evidence provided by Wones (1963b) for the hydrogen

fugacity as the controlling factor in producing variations. In that study, biotites

synthesized at the same temperature, total pressure, and similar fm, but at dif-

ferent foz , had essentially identical y refractive indices.· The refractive index was

shown to be inversely related to hydrogen fugacity and therefore to ferrous iron

content.

The errors introduced in calculating the ferrous iron percentage are difficult

to determine. The precision of the titrations is quite good, with replicate deter-

minations agreeing to within 0.1-0.3 relative percent. lf all impurities present

were taken to be iron-bearing phases, then absolute maximum errors can be cal-

culated. The presence of three weight percent fayalite leads to overestimation of

the ferrous content of the biotites, but because the weight percents of FeO in

fayalite and the biotites are similar, this amounts to a maximum correction of

0.2-0.4 mole percent of ferrous iron. If instead there were three weight percent

of magnetite present, ferrous content would be underestimated by a maximum

of 2.5 mole percent. The presence of sanidine decreases the correction since it

suggests that the sum of the impurities has a stoichiometry equivalent to that of

15



the biotite. Based on the optical examination of these experiments, magnetite

constitutes at most 2% but usually less than 1% of the total weight of material.

This corresponds to underestimating the Fezt content by a maximum of one mole

percent.

Some of the Fe°* in annite may be tetrahedrally coordinated. The electron

microprobe data (Table 2, Appendix C) demonstrate that the two biotite com-

positions are close to the stoichiometry of their ideal counterparts. The annites,

however, are consistently high in FeO by an absolute amount of 1-3% and often

low in SiO, by 0.5-2%. These offsets correspond to relative errors of 2-7% and

1-6%, respectively, which for the most part are within the expected accuracy of

microprobe analyses for fine-grained particles. At worst the data require 0.13
Fe’*

atoms in the tetrahedral site. lt is not unreasonable to have tetrahedral

ferric iron since Hazen and Wones (1972) proposed the substitution of Fe°* into

tetrahedral sites as a viable mechanism to relieve the layer mistit. In fact,

Levillain (1982a) observed in his synthetic annites that 0.1 out of the four total

tetrahedral sites were occupied by ferric iron.

There also exists the problem of error in the hydrogen fugacity. At HM

buffer conditions, temperatures are very low so that hydrogen diffusion is slowed.

A small absolute error in hydrogen fugacity due to lack of perfect equilibrium

across a semi-permeable membrane will result in a large error bar on a log scale

at low absolute hydrogen fugacities. For example, an error of :1:0.1 bar produces

an error bar that extends from -1.85 to ·¤o log units at HM conditions, and from

1.04 to 0.95 at fm = 10 bars.

16



Table 2. Chemical composition as weight percent oxides*

Run # Si02 AIZOB Fe0 KZO Total

ideal 30.23 20.52 36.15 9.48 96.3817 30.76 21.28 36.33 8.99 97.3626/30 31.37 20.81 36.38 8.69 97.256ACDE 31.71 21.04 35.94 8.64 97.327BC 32.37 20.80 35.32 8.85 97.3413/22 31.04 20.85 35.92 9.34 97.163A/7A 31.93 21.10 35.41 8.96 97.3928/29 31.06 20.92 36.56 8.68 97.23. 35/36 30.73 21.49 36.20 8.87 97.28
KFe3Alideal

35.21 9.96 42.11 9.20 96.4841 34.25 10.80 44.50 8.24 97.7910/11 34.78 10.81 43.48 8.60 97.6819/21 36.09 10.52 44.03 6.96** 97.6015/16 33.64 10.32 45.22 8.55 97.7423/24 34.50 10.07 44.62 8.28 97.47‘ 31 34.84 9.98 44.45 8.32 97.6039 34.93 10.43 43.77 8.43 97.56

*Elecu·on microprobe data extrapolated to total weight % = 100 - wt. % H20.
**Large degree of scatter in aualyses.
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The hydrogen analyses (Table 1) indicate that the biotites are deücient in

water relative to that expected for an ideal siderophyllite and annite (3.62% and

3.52%, respectively). Others (Rimsaite, 1970; Forbes, 1972) have noted the

common occurrence of hydroxyl-deticient biotites in nature which they attributed

to charge variations in the interlayer, tetrahedral, and octahedral sites. Rimsaite

(1970) related the water deiiciency to release of 1-1, as iron was oxidized and to

the expulsion of neutral water molecules by dehydration through heating. Thus,

in calculating mineral formulas he allowed for a variable number of anions

whereas Forbes (1972) gathered formulas from the literature in which 24

(0,0H,F) were assumed. Forbes (1972) did not propose any particular substi-

tution to account for hydroxyl loss; rather, he simply demonstrated an inverse

linear relation between (O1-I,F,C1) content and the sum of the tetrahedral and

octahedral charge deviations from the ideal values. In the present study the

1-1,0 content of a given biotite composition is essentially constant with respect to

changes in ferric iron content, although it does differ between siderophyllite and

annite.

Accuracy of the hydrogen analyses was checked against thermogravimetric

analysis (TGA) for a synthetic muscovite and phlogopite. TGA measures a total

weight loss and so cannot distinguish between alkalis, water, and hydrogen

whereas the extraction procedure measures speciücally the moles of hydrogen

given off whether as 1-1, or as H,O. TGA cannot be performed on ferruginous

biotites since the iron oxidizes despite a nitrogen atmosphere and therefore

produces a net weight gain. The muscovite analyses performed by the two dis-

tinct methods agree to within 0.2 wt % and the TGA curve is smooth and con-

18



tinuous (Fig. 4a). TGA of the phlogopite indicates water loss 0.6 weight percent

greater than that obtained from the extraction procedure, but a small shoulder in

the curve (Fig. 4b) at 930°C may result from alkali volatilization. The muscovite

was fully dehydroxylated by 875°C so alkali loss should be much less of a prob-

lem.

X-ray Data

Results from the x·ray data refinements are listed in Table 3. Figures 5

through 10 show a good correlation with the trends established by Partin (1984)

between b- and c-cell dimensions, and unit cell volume with the mole fraction of

Fe2*. Other workers demonstrate similar trends (Eugster and Wones, 1962;

Wones, 1963b; Rutherford, 1973; Ohta et al., 1982; Ferrow and Annersten,

1984). The absolute values for the cell edges and unit cell Volumes are similar to

those from the above studies excluding the natural biotite of Ohta et al. (1982)

which had a composition very different from the biotites of the current study.
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Tablc 3. Rcfmcd unit ccll paramctcrs for anncalcd runs

Run # a(A) b(A) c(A) ß vo1umc(Ä3)

17 5.377(1)* 9.308(2) 10.279(2) 100.07(2) 506.6( 1)26/30 5.374(1) 9.306(2) 10.270(2) 100.07(2) 505.7(1)6ACDB 5.379(2) 9.310(3) 10.277(2) 100.03(3) 506.8(2)7BC 5.376( 1) 9.3 10(3) 10.278(2) 100.05 (2) 506.5(2)13/22 5.378(1) 9.310(2) 10.279(2) 100.05(2) 506.8( 1)3A/7A 5.375(2) 9.302(3) 10.270(2) 100.05(2) 505.6(2)28/29 5.374(2) 9.306(4) 10.267(3) 100.05(3) 505.6(2)35/36 5.371(1) 9.296(2) 10.260(2) 100.05(2) 504.4(1)

KFC3AlSi3O1()(ÜH)2

41 5.402(2) 9.354(2) 10.336(2) 100.08(3) 514.2(2)10/11 5.400(2) 9.355(2) 10.332(2) 100.12(3) 513.9(2)19/21 5.399(2) 9.348(2) 10.333(2) 100.10(3) 513.4(2)15/16 5.396(2) 9.341(3) 10.320(4) 100.07(5) 512.2(3)23/24 5.393(2) 9.343(2) 10.323(3) 100.10(3) 512.1(2)31 5.390(2) 9.333(2) 10.297(2) 100.05(3) 510.1(2)39 5.384(2) 9.325(2) 10.289(2) 100.10(3) 508.6(2)

KFc2MgA1Si3O10(OH)2 Ü

38/40 5.376(1) 9.299(1) 10.319(1) 100.00(2) 508.1(1)

*Numbcrs in parcnthcscs indicatc unccrtainty in thc prcccding digit.
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DISCUSSION

The study by Partin (1984) concluded that due to structural constraints ap-

proximately ll mole percent of the iron in annite is in the ferric state. Moreover,

the substitution of
A1’*

into the octahedral layer of siderophyllite effects the same

relief of the mistit between the octahedral and tetrahedral layers as does the

Fe°* in annite. This results in a smaller proportion of Fe3* in siderophyllite

compared to that in annite. These conclusions support the predictions of Hazen

and Wones (1972, 1978) and, in turn, are supported by the present study (Figs.

2 and 3) for the more general case of biotites that occur well within the stability

field as well as close to the maximum thermal stability limit. Preliminary data for

magnesian iron biotites indicates that
Mg’*

plays the same role as
Al’*

in stabi-

lizing the structure (Table 1). Partin (1984) also finds a direct relationship exists

between the ferrous iron content of synthetic biotites and the hydrogen fugacity

at which they were annealed. This correlation is supported and extended by the

current study (Figs. 2 and 3).

The observed relationship between
Fe’*

content and hydrogen fugacity

supports the generally accepted belief that iron-bearing biotites oxidize by means

of the oxybiotite substitution (reaction 2) (Wones, 1962, 1963a,b; Wones and

Eugster, 1965; Rimsaite, 1970; Ohta et al., 1982; Sanz et al., 1983; Ferrow and

Annersten, 1984; Partin, 1984). However, this mechanism also requires the loss

of structural hydrogen, and hydrogen analyses of the synthetic biotites (Table 1)
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indicate a low but constant amount of structural hydrogen despite variations in

the proportions of Fe2* and Fe°*.
1

The results present further evidence against the oxybiotite substitution.

When the analyses in Table 3 are recast into mineral formulas on the basis of 12

anions (Table 4, Appendix D), the synthetic biotites show an excess of atoms in

the octahedral sites. The amount of excess varies with the hydrogen fugacity of

the runs, and the correlation is especially good for the annites (Fig. 11). Because

the ideal biotite structure accomodates only three octahedral and four tetrahedral

sites, the formulas were recalculated by normalizing to a total of seven octahedral

and tetrahedral cations (Table 5, Appendix E). This results in a variable number

of anions that is less than or equal to 12 and is directly related to the amount of

ferric iron (Fig. 12). Recalculation to fewer than seven cations will result in an

even greater number of anion vacancies.

Finally, the oxygen fugacity was calculated for each run using data from

Shaw and Wones (1964), Shaw (1967), Burnham et al. (1969), and Robie et al.

(1978). The run data, when plotted on the phase diagram of Eugster and Wones

(1962), define contours of constant hydrogen fugacity and of constant

Fe2*/(Fe2* + Fe3*) for a given composition within the annite stability field (Fig.

13). These contours are subparallel to the lines defining the solid oxygen buffer

reactions which suggests that the mechanism of oxidation is similar for both and

involves no structural hydrogen.

Thus, a new mechanism is proposed to account for hydrothermal biotite

oxidation:
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Table 4. Mineral formulas based on 12 anions

Element 17 26/30 6ACDE 7BC 13/22 3A/7A 28/29 35/36

Si 2.55 2.59 2.60 2.64 2.56 2.60 2.56 2.52
Al-IV 1.45 1.41 1.40 1.36 1.44 1.40 1.44 1.48
A1-VI 0.63 0.62 0.64 0.64 0.59 0.63 0.59 0.59

Fg3+-IV -.. ..- -.. ..- -... ..- --- ---
Fe3+-VI 0.11 0.11 0.14 0.15 0.12 0.21 0.22 0.35

Fe2+ 2.40 2.39 2.34 2.32 2.37 2.26 2.28 2.13
K 0.95 0.92 0.90 0.92 0.98 0.93 0.91 0.93

OH 1.46 1.52 1.47 1.45 1.56 1.42 1.52 1.49

Element 41 10/11 19/21 15/16 23/24 31 39

Si 2.93 2.94 3.03 2.89 2.93 2.93 2.91
Al-IV 1.07 1.06 0.97 1.05 1.01 0.99 1.02
A1-VI 0.02 0.02 0.07 -~- ·- ·-- ---

Fe3+-IV —- ·-- -·- 0.06 0.06 0.08 0.07
”

Fe3+·VI 0.48 0.48 0.45 0.62 0.60 0.76 0.78
Fe2+ 2.69 2.66 2.66 2.51 2.48 2.28 2.24

K 0.90 0.93 0.75 0.94 0.90 0.89 0.90
OH 1.26 1.31 1.34 1.30 1.43 1.35 1.36
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Table 5. Mineral formulas based on seven octahedral and tctrahedral cations

Element 17 26/30 6ACDE 7BC 13/22 3A/7A 28/29 35/36

Si 2.50 2.55 2.56 2.60 2.53 2.57 2.53 2.49A1·IV 1.50 1.45 1.44 1.40 1.47 1.43 1.47 1.51A1-VI 0.54 0.54 0.56 0.57 0.53 0.57 0.54 0.54
Fc3+-IV -.. ..- -.. -- -.. ..- -.. ---
Fe3+·VI 0.11 0.11 0.13 0.15 0.12

“
0.20 0.21 0.34Fe2+ 2.35 2.35 2.30 2.28 2.34 2.23 2.25 2.11K 0.93 0.90 0.89 0.91 0.97 0.92 0.90 0.92OH 1.43 1.49 1.44 1.43 1.54 1.40 1.50 1.47O+OH 11.76 11.80 11.79 11.83 11.85 11.83 11.84 11.89

Element 41 10/11 19/21 15/16 23/24 31 39

Si 2.85 2.88 2.95 2.84 2.90 2.92 2.90Al-IV 1.06 1.05 1.01 1.03 1.00 0.98 1.02
Al-VI ~·· -· -— —- ··- ·-- ·--

Fe3+·IV 0.09 0.07 0.03 0.13 0.11 0.10 0.08
Fe3+-VI 0.38 0.40 0.41 0.54 0.55 0.73 0.77

Fe2+ 2.62 2.60 2.59 2.46 2.45 2.27 2.23
K 0.88 0.91 0.73 0.92 0.89 0.89 0.89

OH 1.23 1.28 1.31 1.27 1.42 1.34 1.35
O+OH 11.67 11.73 11.70 11.79 11.87 11.94 11.96
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Fe2+ + wo, = Fe3+ + wo} . (6)

This reaction satisfies the direct relationship observed (Figs. 2 and 3) between

hydrogen fugacity and ferrous iron content since its addition to the reaction for

the dissociation of water produces the following:

*/1 E + Fe2+ + V1 H20 = Fe3+ + %02' + % H2 . (7)

The reaction is also reasonable with respect to the observed cell dimension vari-

ations. As the iron oxidizes, anion vacancies are filled which results in the for-

mation of new bonds in the crystal structure. Bond formation should result in a

contraction of the structure (Figs. 5 to 10). '

Reaction 6 is offered as the major substitution by which oxidation occurs in

biotites. However, with reference to Table 5, the total number of anions responds

not only to the charge variation caused by iron oxidation but also to fluctuations

in the amounts of the other cations. Thus the relationship between
Fe’*

and ox-

ygen content is not direct and simple. 0ther substitutions must be considered in

order to fully describe the compositional variations in these biotites. In partic-

ular, reactions that generate the anion vacancies seen in reaction 6 and that ex-

plain the hydroxyl and potassium deficiencies will affect the final anion content.

The following reactions are one possible set (see Hewitt and Abrecht, 1986) that

can be used to describe the annite and siderophyllite compositions:

w E] + Fe2+ = (Fe3+)vI + V10}
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1<+ + o1-1‘ = 12 + E]

1<* + (Al3+)W = 12 + s1"*

X

H20whereneither octahedral nor tetrahedral vacancies are present.

It is desirable to express the oxidation equilibrium in terms of a constant

based on reaction 6 and on the crystal chemistry of biotites. Unfortunately, there

are no crystallographic data for these synthetic biotites to indicate the degree of

order as Fe2*, Fe"*, and Al’* mix over the two distinct octahedral sites, M1 and

M2. Thus, three possible models are examined for the proposed substitution.

The ürst model assumes that Fe** and Fe°* mix randomly over the M1 and

M2 sites. According to Newton and Wood (1980), the volume behavior of a solid

solution should provide an indication of whether or not the mixing is ideal. Al-

though the substitution under consideration is limited in extent, the relationship

between unit cell volume and composition is linear (Figs. 9 and 10) and so ideal

behavior might be postulated. It is further assumed that the substitution is cou-

pled so as to provide local charge balance and that the activity of a component

can be expressed as its mole fraction raised to the number of sites over which it

mixes (Kerrick and Darken, 1975). Thus the equilibrium constant is,
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XF 3+
I

1K1 7 <8>

where the mole fractions are calculated over both the M1 and M2 sites. Figure

14 demonstrates the relationship between the equilibrium constant and reciprocal

temperature for the experiments reported in Table 1. The equations which ex-

press the relationships are, ·

,.,1.11.1 _ 13.82 >< 1O4(Jmol'1) 1 _ 98.81 (Jmo1”l ic')£¤K1 R (T) R (9)

SD,. _ 14.94 ><
10‘*

(1 mo1'l) 1 _ 134.86 (.1
mol”l

1<")YHK1 R (T) R (10)

where R is the gas constant.

The tirst model makes no distinction between the M1 and M2 octahedral

sites. These sites are, however, crystallographically nonequivalent with the M2

sites generally smaller than the Ml. Both Levillain (1982b) and Ferrow (1984)

analyzed synthetic biotites and found the smaller Fe°* cations order into M2.

Moreover, in the dioctahedral mica muscovite,
A1’*

ülls the M2 sites, and the

M1 site is left vacant (Bailey, 1984). Thus the second model assumes that Al°*

and Fe"* behave similarly and order into the two M2 sites while the M1 site

contains only Fe2* . Mixing within the M2 sites is assumed to be ideal and yields

the following equilibrium constant,
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XK2Fe2+
foz

where ferric and ferrous iron are calculated as the mole fractions on the two M2

sites. This model restricts oxidation to a total of 1.5 and 2 iron atoms for

siderophyllite and annite, respectively. The relationships with reciprocal temper-

ature (Fig. 15) are:

ANN _ 12.18 >< 10* (1 mol'l) ( _ 58.73 (1 mol'l 1<")MK2 R (T) R (12)

SDP _ 13.14 >< 10* (1 moll) ( _ 83.80 (1 mol'l 1<")£nK2
R (,2,)

R . (13)

Model three assumes that Fe°* and Al°* order preferentially on one site.

Admittedly, ordering relationships between the two different octahedral sites are

not well understood (Bailey, 1984). The study by Levillain et al. (1981) suggested

that Al°* in an annite with two Tschermalds substitutions orders into M1 sites.

This may be due to excess positive charges on oxygens surrounded by two Al°*

and one Fe2* atoms (personal communication between Levillain and Abrecht).

Alternatively, Levillain (1982b) suggested that distortions due to increasing
A1“‘

content may result in differentiating the M2 sites. Moreover, Hewitt and Wones

(1975) demonstrated nonideality in the volume of mixing with increasing A1"

content which both they and Newton and Wood (1980) interpreted as suggesting

the preferential location of Al°* into one octahedral site. Thus the preferred site

may be an M1 that is smaller than the two M2, or it may be an M2 site that is
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distinguishable from the other due to distortions. The equilibrium constant

would thus be written as follows:

X .

K3X1=¤2+ fo}

where ferric and ferrous iron are calculated as the mole fractions on one site and

the other sites contain only
Fe’*

. The restriction of oxidation to 0.5 and 1 iron

atoms for siderophyllite and annite, respectively, is reasonable within the range

of conditions used in the present study. The relationship with reciprocal tem-

perature is shown in Figure 16 and given below:

,31.,1.1 _ 11.40 >< 10* 0 mol'l) 1 _ 31.31 0 mo1”1K'l)ZHK3 R (T) R (I5)

SDP 12.40 >< 104 (J mol'!) 1 45.10 (J mol'l K'1)
= ————il- — — -i————-— . 16(HK; R (T) R ( )

All three models yield negative enthalpies of reaction as expected for

oxidation reactions. The similarity in slopes between the two compositions and

among all three models is a reasonable and encouraging result since it is assumed

3 that the same oxidation mechanism is valid throughout. Moreover, the enthalpy

of reaction per iron atom is approximately 64 kilojoules which is the same order

of magnitude as the 41 kilojoule enthalpy of the hematite·magnetite reaction.

Magnetite is presumed to oxidize in a manner similar to that of the biotites, but

great differences in the crystal structures limit any more detailed comparison.
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The entropy of reaction in all cases is negative, which is likewise expected since

the vapor phase is present on the reactants side of reaction 6.

The difference in position between the curves for the two compositions (Figs.

14, 15, 16), which is smallest for model 3, may be a reflection of the error involved

in assuming ideal solution behavior for the sites being considered. The ferric iron

activity in annite cannot be ideal because increasing fm beyond 50 bars does not

decrease the Fe°* concentration and therefore its activity coefficient must be sig-

niticantly less than one in the dilute solution range. Thus a relative activity co-

efticient, yF„,„,, between annite and siderophyllite can be calculated for all three

models by forcing the curves for the two compositions to coincide. The results

are listed in Table 6 for two temperatures, 800 K and 1100 K. The relative co-

efticients for models one and two are quite similar and smaller than those for

model three. At higher temperature, which roughly corresponds to higher hy-

drogen fugacities relative to the biotite maximum thermal stability limit, all three

models indicate that the activity coefficient of Fe’* is much less in annite than in

siderophyllite.

Without more crystallographic data it is difficult to evaluate the relative

merits of the different models. However, model two seems to be the most rea-

sonable one based on the currently available data. Most structure retinements

of natural biotites have distinguished the M2 octahedra as smaller than the M1

(Hazen and Burnham, 1973; Ohta et al., 1982; Bailey, 1984). Spectroscopic

studies on synthetic aluminous biotites and annites by Levillain (1982b) and

Ferrow (1984), respectively, indicated that the smaller Fe°* cation was prefer-

entially located in the M2 sites. These results are in opposition to both the one-
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Table 6. Relative Fe3+ activity coefticients between annite and siderophyllite

Model # Temperature (K) 71%;+

1 800 0.41
1 100 0.35

2 800 0.45
1 100 0.37

3 800 0.85 '
1 100 0.57
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and three-site models. Also, contrary to the arguments for the one-site model, the

amount of ferric iron substitution in annites is insufficient to account for distort-

ing the M2 octahedra.

The model described by Partin (1984), based on the oxybiotite substitution,

did not account well for her solid buffer points. In fact, her data delineated a

trend opposite to that defined by the Shaw bomb experiments (see her Fig. 9,

p.31). Although hydrogen analyses were not reported for these data and the

mineral formulas have not been recalculated to seven octahedral and tetrahedral

cations, all of Partin’s (1984) runs define a consistent relationship when fitted to

the present models. This result is shown for the siderophyllite data and model

two (Fig. 17).

Thus, biotite oxidation by the addition of oxygen anions to the crystal

structure is a viable model for the oxidation process in hydrothermal systems. It

is not the only mechanism for oxidation since there is good evidence that the loss

of octahedral cations and the oxybiotite substitution are valid under the condi-

tions of chemical oxidation (or hydrogenation) and thermal oxidation (Vedder

and Wilkins, 1969; Farmer et al., 1971; Gilkes et al., 1972, 0hta et al., 1982; Sanz

et al., 1983). However, these are in general not equilibrium processes.

In the present model, reduced biotites are oxygen deficient. Such anion va-

cancies and defects are not uncommon. Nonstoichiometry of solids such as re-

duced T10}, is commonly explained by defects such as crystallographic shear

planes that eliminate anions from the structure (Hyde et al., 1974; Catlow and

James, 1982). In fact, defects are used to explain the stability of structures not

only with anion vacancies but also with anion excesses (lijima et al., 1973).
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Will oxidation in biotites then proceed beyond the limit of 12 oxygens and

by the same mechanism? Certainly biotites in natural assemblages have ferrous

to total iron ratios that are lower than those of Partin (1984) at hematite-

magnetite conditions. However, care must be exercised in evaluating natural

biotite data. The effect of other components within the biotite and within the

rock assemblage itself must be assessed. Also, the most oxidized biotites are

generally those occurring in igneous extrusives for which it could be argued that

the processes in the hydrothermal laboratory do not accurately model those of

nature. Under such conditions the oxybiotite substitution could be the operative

mechanism. In terms of numbers of ferric atoms per formula unit, no natural

(non-extrusive) biotites have been found in the literature with more than one

Fe’* (Nockolds, 1947; Deer et al., 1962; Foster, 1964; Butler, 1967; Dodge et al.,

1969; Mahmood, 1983; Hogan, 1984). This corresponds favorably to limits im-

posed both by the proposed models and by restricting the number of oxygens to

a maximum of 12 (Fig. 12).

Thus, further research should focus on three areas. First, the direct deter-

mination of oxygen will solidify or reject the proposed substitution. Secondly, a

more reliable means of buffering at low hydrogen pressures needs to be developed

in order to follow the oxidation over a wider range. Finally, transmission electron

microscopy would be useful in assessing the role of anion vacancies in stabilizing

the structure during the process of oxidation.

The implications of rejecting the oxybiotite substitution extend into other

mineral systems and to petrologic applications. Iron-bearing amphiboles, for in-

stance, are assumed to oxidize by an oxyamphibole substitution that is parallel
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to the oxybiotite mechanism (Clowe et al., 1985). This assumption is worthy of

investigation in light of the present study. Moreover, the interpretation of fluid

activity gradients in natural geologic regimes based on assuming the oxybiotite

substitution may need to be reassessed.
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APPENDIX A. ESTIMATING VOLUME PERCENT IMPURITIES
i

Synthetic run products often have minor amounts of impurity phases which

are below the limits of x-ray detection but which are quite obvious upon optical

examination. If the material is placed in an oil whose refractive index is close to

that of the major phase, the impurity phases stand out clearly. However, because

the impurities are strikingly apparent, it is easy to overestimate their relative

abundance compared to that of the major phase. In order to make visual esti-

mates more accurately it is therefore useful to have standards with a known vol-

ume percent of one phase mixed within another.

In this study, known weights of synthetic fayalite and phlogopite were

ground together. The volume percent of fayalite in phlogopite was calculated on

the basis of their densities. Each of the standard mixtures was mounted in a

Cargille oil of n = 1.582 and photographed in both plane- and cross~polarized

light at a magnitication of 400X. The condenser lens was used in the cross-

polarized shots in order to display more clearly the amount of the fine-grained

phlogopite.
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APPENDIX B. SUGGESTIONS FOR FURTHER WORK

1. Run products should be analyzed for oxygen.

2. Experiments should be run at widely different water fugacities and analyzed

for 1-1,0 in order to aid understanding of the crystal chemical role of water

excesses and deficiencies.

3. TEM studies may provide evidence for structural complexities such as mixed

layers of more than one phase or for defect structures leading to anion defi-

ciencies.

4. Spectroscopic and diffraction methods are needed to more clearly define

cation vacancies and ordering.

5. It would be interesting to find a natural system with an assemblage such that

independent temperature and possibly fo, estimates could be made and eval-

uate it in light of the results of this study.
‘

6. A more reliable technique needs to be developed to control low hydrogen

fugacities at low temperatures.

7. The method of Fritz and Popp (1985) for determining
Fe’*

and
Fe“*

content

would be preferable over the Whipple (1974) titration technique since much

less sample is required.

8. It would be interesting to do a comparative study of the crystal chemistry of

iron-bearing amphiboles and biotites.
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APPENDIX D. MINERAL FORMULAS BASED ON 12 ANIONS

CIRCLE # EDP EDP EDP EDP
GRAIN # 17 26/30 6 7BC

EID2 30.76 31.37 31.71 32.37
AL2D3 21.28 20.81 21.04 20.80
TID2 0,00 0,00 0,00 0,00
FE2D3 1.77 1.77 2.25 2.41
FED 34.50 34.54 34.15 33.97 ·
HGD 0,00 0,00 0,00 0,00

MND 0, 00 0, 00 0 , 00 0, 00
ZN0 0. 00 0. 00 0. 00 0 . 00
CAD 0,00 0,00 0,00 0,00
BAD 0 . 00 0 . 00 0 . 00 0 . 00
NA2D 0,00 0,00 0,00 0,00
H2D 8.99 8.69 8.64 8.85
H2D 2.64 2.75 2.68 2.66
F 0,00 0,00 0,00 0,00
CL 0,00 0,00 0,00 0,00 .

TDTAL 99.94 99.93 100.47 101.06

# ANIDNE 12 12 12 12

EI 2.55 2.59 2.60 2.64
AL 2. 08 O3 04 2 .00
T1 0,00 0,00 0,00 0,00

FE+3 .l1” .11 .14 .15
FE+22.40M6

0,00 0,00 0,00 0,00

MN 0,00 0,00 0,00 0,00

ZN 0,00 0,00 0,00 0,00
CA 0,00 0,00 0,00 0,00

BA 0,00 0,00 0,00 0,00
NA 0,00 0,00 0,00 0,00
H .95 .92 .90 .92
DH 1.46 1.52 1.47 1.45
F 0,00 0,00 0,00 0,00
CL 0,00 0,00 0,00 0,00

EI·+ALIV 4. 00 4. 00 4. 00 4. 00
ALVI+FM+ZN+TI 3.14 3.10
CA+BA+NA+H .95 .92 .90 .92
DH+F+CL 1.46 1.52 1.47 1.45
FE/FE+M8 1 . 00 1 . 00 1 . 00 1 . 00

63



CIRCLE # SDF SDP SDP SDF
GRQIN # 13/22 3A/79 28/29 35/36

SID2 31.04 31.93 31.06 30.73
AL2D3 20.85 21.10 20.92 21.49
TIQQ 0,00 0,00 0,00 0,00
FE2D3 1.93 3.38 3.54 5.63
FED 34.36 33.12 33.02 31.12
MGB 0,00 0,00 0,00 0,00
MNQ 0,00 0,00 0,00 0,00
ZNQ 0,00 0,00 0,00 0,00
CQQ 0,00 0,00 0,00 0,00
BAC 0,00 0,00 0,00 0,00
NQQQ 0 , 00 0, 00 0 , 00 0 , 00

H2D 9.34 8.96 8.68 8.87
H2D 2.84 2.61 2.77 2.72
F 0,00 0,00 0,00 0,00
CL 0,00 0,00 0,00 0,00

TOTAL 100. 36 101 . 10 99. 99 100. 56

# GNIDNS 12 12 12 12

SI 2.56 2.60 2.56 2.52
AL 2. 03 2 .03 2 .03 2 .07
TI 0,00 0,00 0,00 0,00
FE+3 .12 .21 .22 .35
FE+2 2.37 2.26 2.28 2.13
MG 0,00 0,00 0,00 0,00
HN 0,00 0,00 0,00 0,00
ZN 0,00 0,00 0,00 0,00
CQ 0,00 0,00 0,00 0,00
BA 0,00 0,00 0,00 0,00
NQ 0,00 0,00 0,00 0,00

H .98 .93 .91 .93
DH 1.56 1.42 1.52 1.49
F 0,00 0,00 0,00 0,00
CL 0,00 0,00 0,00 0,00

SI+ääLI v 4. 00 4. 00 4 .00 4. 00
Q|.VI+F|"I+ZN+TI 09 10 09 3.07
CA+BA+Nä+H .98 .93 .91 .93
DH+F+CL 1.56 1.42 1.52 1.49
FE/FE+MG 1 .00 1 .00 1 .00 1. 00
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.CIRCLE # ANN ANN ANN ANN
E

GRAIN # 41 PRDBE 1011 PRDBE 1921 FRDBE 1516 FRDBE

8ID2 34.25 34.78 36.09 33.64
ALED3 10.80 10.81 10.52 10.32

TI02 0.00 0.00 0.00 0.00

- FE2D3 7.49 7.51 7.11 10.48

FED 37.56 37.54 37.90 34.87

NGO 0.00 0.00 0.00 0.00

MND 0,00 0,00 0,00
l

0,00

ZND 0.00 0.00 0.00 0.00

CAD 0.00 0.00 0.00 0,00

BAD 0.00 0.00 0.00 0.00

NAED 0.00 0.00 0.00 0.00

H2O 8.24 8.60 6.96 8.55

H2D 2.21 2.32 2.40 2.26

F 0,00 0,00 0,00 0,00

CL 0,00 0,00 0,00 0,00

TDTAL 100.55 101.56 100.98 100.12

# ANIDNS 12 12 12 12

SI 2.93 2.94 3.03 2.89

AL 1.09 1.08 1.04 1.05

TI 0,00 0,00 0,00 0,00

FE+3 .48 . .48 .45 .68

FE+2 2.69 2.66 2.66 2.51
NG 0,00 0,00 0,00 0,00

MN 0,00 0,00 0,00 0,00

ZN 0,00 0,00 0,00 0,00

CA 0,00 0,00 0,00 0,00

BA 0,00 0,00 0,00 0,00

NA 0,00 0,00 0,00 0,00

H .90 .93 .75 .94

DH 1.26 1.31 1.34 1.30

F 0,00 0,00 0,00 0,00

CL 0,00 0,00 0,00 0,00

8I+ALIV 4.00 4.00 4.00 3.94
ALVI+FM+ZN+TI 3.20 3.16 3.18 3.19
CA+BA+NA+K .90 .93 .75 .94

DH+F+DL 1.26 1.31 1.34 1.30

FE/FE+M8 1.00 1.00 1.00 1.00
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CIRCLE # ANN ANN ANN
GRAIN # 2324 FROBE 31 PROBE 39 PROBE

SIO2 34.50 34.84 34.93
AL203 10.07 9.98 10.43
T I O2 0 . 00 0 . 00 0 . 00

FE203 10.39 13.25 13.56
FEO 34.95 32.38 32.10
|‘I(E§lZJ tja , tjatja tj> , tjatja tja ,tjxtja

HNO 0.00 0.00 0.00
ZNO 0,00 0,00 0,00
CAO 0,00 0,00 0,00
BAO 0,00 0,00 0,00
NA2O 0,00 0,00 0,00
H2O 8.28 8.32 8.43
H2O 2.53

V
2.40 2.44

F 0,00 0,00 0,00
CL 0,00 0,00 0,00

TOTAL 100.72 101.17 101.89

# ANIONS 12 12 12

SI 2.93 2.93 2.91
AL 1.01 _ .99 1.02
TI 0,00 0,00 0,00

FE+3 .66 .84 ‘ .85
FE+2 2.48 2.28 2.24
MG 0,00 0,00 0,00

MN 0.00 0.00 0.00
ZM 0,00 0,00 0,00

CA 0,00 0,00 0,00
BA 0,00 0,00 0,00
MA 0,00 0,00 0,00
H .90 .89 .90
OH 1.43 1.35 1.36
F tja , 00 0, 00 0, tja0

CL 0,00 0,00 0,00

SI+ALIV 3.93 3.92 3.94
ALVI+FM+ZN+TI 3.14 3.12 3.09
CA+EA+NA+H .90 .89 .90
OH+F+CL 1.43 1.35 1.36
FE/FE+MG 1.00 1.00 1.00
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APPENDIX E. MINERAL FORMULAS BASED ON SEVEN

OCTAHEDRAL AND TETRAHEDRAL SITES

CIRCLE # 8DP_17 8DP 2630 8DP 6 8DP 7BC
GRAIN #

8102 30.76 31.37 31.71 32.37
AL203 2 1 . 28 20. 81 2 1 .04 20. 80
T I O2 0 . 00 0, 00 0, 00 0, 00
FE203 1.83 1.79 2.22 2.42
FE0 34.50 34.54 34.15 33.97
N80 0,00 0,00 0,00 0,00
NN0 0,00 0,00 0,00 0,00
ZN0 0,00 0,00 0,00 0,00
CAD 0,00 0,00 — 0,00 0,00
EA0 0,00 0,00 0,00 0,00
NQ20 0,00 0,00 0,00 0,00

H20 8.99 8.69 8.64 8.85
H20 2.64 2.75 2.68 2.66
[Z? (ja , mjxtjx aj) , sjrtjx (jr , cjxtj) aj) ,cjxxja

CL 0,00 0,00 0,00 0,00

TOTAL 100. 00 99 . 95 100. 44 101.07

# QNIÜNS 11.76 11.80 11.79 11.83

81 2.50 2.55 2.56 2.60
QL 2.04 1.99 2.00 1.97
T1 0,00 0,00 0,00 0,00

FE+3 .11 .11 .13 .15
FE+2 2.35 2.35 2.30 2.28
M6 0,00 0,00 0,00 0,00
MN 0,00 0,00 0,00 0,00

ZN 0,00 0,00 0,00 0,00
CA 0,00 0,00 0,00 0,00

BA 0,00 0,00 0,00 0,00

NA 0,00 0,00 0,00 0,00
H .93 .90 .89 .91
0H 1.43 1.49 1.44 1.43
F 0,00 0,00 0,00 0,00
CL 0,00 0,00 0,00 0,00 1

8I+Al-IV 4. 00 4. 00 4. 00 4 .00
ALvI+FM+ZN+TI 00 00 ‘ 00 00
CA+HQ+Né+H .93 .90 .89 .91

0H+F+CL 1.43 1.49 1.44 1.43
0 10.33 10.31 10.35 10.40
FE/FE+f'l8 1 .00 1 .00 1 .00 1 .00
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CIRCLE # SDF 13/22 SDF 3A/7A SDP 2829 SDP 3536
GRAIN #

8102 31.04 31.93 31.06 30.73
AL203 20.85 21.10 20.92 21.49
T102 0.00 0.00 0.00 0.00
FE203 1.99 3.37 3.48 5.59
FE0 34.36 33.12 33.02 31.12
MG0 0,00 0,00 0,00 0,00

MN0 0.00 0.00 0.00 0.00
ZN0 0,00 0,00 0,00 _ 0,00
CA0 0,00 0,00 0,00 0,00

BAO 0.00 0.00 0.00 0.00
NA20 0,00 0,00 0,00 0,00

H20 9.34 8.96 8.68 8.87
H20 2.84 2.61 2.77 2.72
F 0,00 0,00 0,00 0,00
(j)1__ (jp , (jp(jp (jp , (jp(jp (jp , (jp(jp (jp ,(jp(§p

TOTAL 100.42 101.09 99.93 100.52 '

# ANION8 11.85 11.83 11.84 11.89

81 2.53 2.57 2.53 2.49
AL 2.00 2.Cmp 2.01 2.05
T1 0,00 0,00 0,00 0,00

FE+3 .12 .20 .21 .34
FE+2 2.34 2.23 2.25 2.11
MG 0,00 0,00 0,00 0,00

MN 0,00 0,00 0,00 0,00

ZN 0,00 0,00 0,00 0,00

CA 0,00 0,00 0,00 0,00

EA 0,00 0,00 0,00 0,00

NA 0,00 0,00 0,00 0,00

H .97 .92 .90 .92
0H 1.54 1.40 1.50 1.47
F 0,00 0,00 0,00 0,00

CL 0,00 0,00 0,00 0,00

81+AL1V 4.00 4.00 4.00 4.00
ALV1+FN+ZN+T1 3.00 3.00 3.00 3.00
CA+BA+NA+H .97 .92 .90 .92
0H+F+CL 1.54 1.40 1.50 1.47
0 10.31 ' 10.43 _ 10.34 10.41
FE/FE+MG 1.00 IÄÜO 1.00 1.00
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CIRCLE # ANN 41 ANN 1011 ANN 1921 ANN 1516

GRAIN # PROBE PROBE PRUBE FROBE

SI02 34.25 34.78 36.09 33.64
AL203 10.80 10.81 10.52 10.32
TIO2 0.00 0.00 0.00 0.00
FE203 7.49 7.51 7.11 10.48
FE0 37.56 37.54 37.90 34.87
NGO 0.00 0.00 0.00 0.00

MNQ 0,00 0,00 0,00 0,00

ZNO 0.00 0.00 0.00 0.00
CAQ 0,00 0,00 0,00 0,00

BAU 0,00 0,00 0,00 0,00

NAQ0 0,00 0,00 0,00 0,00

H20 8.24‘ 8.60 6.96 8.55
H20 2.21 2.32 2.40 2.26

F 0,00 0,00 0,00 0,00

CL 0,00 0,00 0,00 0,00

TOTAL 100.55 101.56 100.98 100.12

# ANIONS 11.67 11.73 11.70 11.79

SI 2.85 2.88 2.95 2.84
AL 1.06 1.05 1.01 1.03

T1 0,00 0,00 0,00 0,00

FE+3 .47 .47 .44 .67

FE+2 2.62 2.60 2.59 2.46
M6 0,00 0,00 0,00 0,00

MN 0,00 0,00 0,00 0,00

ZN 0,00 0,00 0,00 0,00

CA 0,00 0,00 0,00 0,00

BA 0,00 0,00 0,00 0,00

NA 0,00 0,00 0,00 0,00

H
\ .88 .91 .73 .92

0H 1.23 1.28 1.31 1.27
F 0,00 0,00 0,00 0,00

CL 0,00 0,00 0,00 0,00

SI+ALIV 3.91 3.93 3.97 3.87
ALvI+FM+ZN+TI 3.09 3.07 3.03 3.13
CA+8Q+NA+H .88 .91 .73 .92
0H+F+CL 1.23 1.28 1.31 1.27

O 10;44 10.45 10.39 10.51
FE/FE+M8 1.00 1.00 1.00 1.00
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CIRCLE # ANN 2324 ANN 31 ANN 39
GRAIN # PROBE PROBE FRGBE

8102 34.50 34.84 34.93
AL203 10.07 9.98 10.43
TIO2 0.00 0.00 0.00
FE203 10.39 13.25 13.56
FE0 34.95 32.38 32.10
M60 0,00 0,00 0,00
MMC) 0, 00 0, 00 0, 00
ZNO 0.00 0.00 0.00
CAQ 0,00 0,00 0,00
BAC] 0 , 00 0 , 00. 0, 00 _ '

NA20 0.00 0.00 0.00
M20 8.28 8.32 8.43
H20 2.53 2.40 2.44
F 0,00 0,00 0,00
CL 0,00 0,00 0,00

TOTAL 100.72 101.17 101.89

# ANIONS 11.87 11.94 ' 11.96

51 2.90 2.92 2.90
AL 1.00 .98 1.02
T 1 0 , 00 0 , 00 0, 00
FE+3 .66 .83 .85
FE+2 2.45 2,27 2.23
M8 0.00 0.00 0.00 .
MN 0.00 0.00 0,00
ZN 0,00 0,00 0,00
CA 0, 00 0 , 00 0 , 00
BA 0, 00 0, 00 0, 00
NA 0,00 0,00 0,00
M .89 .89 .89
0H 1.42 1.34 1.35
F 0, 00 0, 00 0 , 00
(j|_ 0, 00 0, 00 0, 00

8I+AL1v 3.89 3.90 3.92
ALVI+FM+ZN+TI 3.11 3.10 3.08
CA+8ä+NA+K .89 .89 .89
ÜH+F+CL 1.42 1.34 1.35
O 10.46 10.60 10.61
FE/FE+MG 1.00 1.00 1.00
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