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Abstract

A biotite that has substantially altered to chlorite in a granitic rock from south-central
Maine has been investigated with high-resolution and analytical transmission electron
microscopy. The reaction takes place primarily by the replacement of TOT mica layers in
the biotite by brucite-like layers (mechanism 2). This mechanism is different from that
observed in other studies, in which the brucite-like layers grow into the interlayer planes of
mica (mechanism l). The reaction in the present case is accompanied by the formation of
micro-precipitates, possibly of quartz or amorphous silica, on the planes of alteration.
These precipitates, which can be as small at 20A in hrgest dimension, deform the layers of
the sheet silicates and apparently dissolve after complete conversion to chlorite has
occurred.

The chemical and physical consequences of the two reaction mechanisms noted above
can be predicted and are quite different. The changes in chemistry and sheet silicate volume
expected from the observed mechanism (2) match very closely the changes inferred by
Ferry (1979) on the basis of textural and chemical arguments. The agreement between
chemical and volume changes predicted by mechanism I and Ferry's data are poor. The
microscopic crystallographic and larger-scale petrologic observations are thus consistent
with each other.

A

Introduction

Solid-state reactions that transform one sheet silicate
into another occur commonly in nature. Important exam-
ples are provided by the progressive metamorphism of
pelitic rocks, in which sedimentary sheet silicates are
transformed sequentially into metamorphic sheet silicates
of increasing grade (see, for example, Frey, 1969, 1978).
Such reactions can also occur during retrograde meta-
morphism or the metamorphism of igneous rocks, as in
the common reaction of biotite to chlorite.

Until recently, the transformation processes in sheet
silicbtes were studied either by petrographic and chemical
methods or by powder X-ray difraction techniques.
While these traditional methods are useful for recognizing
rocks in which reaction has taken place and for identify-
ing the reactant and product phases, generally they are
not suitable for pinpointing the precise structural mecha-

nisms of reaction. On the other hand, several recent
transmission electron microscopy (TEM) studies have
demonstrated the utility of this method for studying the
mechanisms of these solid-state reactions in sheet sili-
cates. For example, brucitelike layers intercalated in
biotite (I[jima and Zhu, 1983; Olives Bafros er al.,1983\,
in talc (Veblen and Buseck, 1980, 198 l; Veblen, 1980) and
in the sodium trioctahedral mica wonesite (Veblen.
l983a,b) have been resolved with high-resolution
(HRTEM) techniques. It is likely that at least some of
these brucite-like layers, which produce local chlorite
structural configurations in the micas, are the result of
post-crystallization reactions (Iijima and Zhu, 1982; Ol-
ives Bafros et al., 1983). However likely this interpreta-
tion seems, in the specimens that have been studied with
TEM methods, the microstructures are not suitable for
rigorously distinguishing between an origin by solid-state
reaction rather than by primary growth (Veblen, 1983b).
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In the present study, a partially chloritized biotite from
a granitic rock was examined with HRTEM and analytical
TEM methods. Because this plutonic mica clearly crys-
tallized as biotite, its microstructures definitely are the
result of post-crystallization reaction, rather than primary
growth processes. It is therefore possible to use the
following observations to explore the mechanisms and
chemical processes involved in the reaction of biotite to
chlorite. In a rare convergence of techniques, the results
of this TEM study can be related directly to the chemical
consequences deduced from the earlier petrographic and
electron microprobe investigations of Ferry (1979)l

Specimen description, experimental
techniques, and image interpretation

The specimen employed in this study is number I from
locality 698 of Ferry (1978, 1979) and has been thoroughly
described in those papers. In brief, the biotite occurs in a
muscovite-biotite-garnet quartz monzonite of Devonian
age that was hydrothermally altered at approximately
425'C, 3500 bars, by a water-rich fluid (Xq6. : 0-0.13).
The quartz monzonite, which intruded the Waterville and
Vassalboro Formations in south-central Maine, is appar-
ently synmetamorphic, but it postdates all or almost all of
the penetrative deformation in the area. The biotite has
altered partially on a scale easily observable in thin
section (Fig. l), to chlorite and titanite (sphene); the
titanite was not observed in this TEM study, possibly as a
result of selective removal of this mineral during sample
preparation, or because all of the titanite occurs as
relatively large crystals, rather than as submicroscopic
inclusions hidden in the sheet silicates. The trioctahedral
mica is an iron-rich titaniferous biotite, and the chlorite is
a ripidolite; chemical compositions derived by micro-
probe analysis are listed by Ferry (1979).' Electron
diffraction patterns (this study) indicate that the primary
biotite occurs in l-layer, 2-layer, and disordered polytyp-
ic forms, with varying amounts of disorder in the lJayer
and 2Jayer variations.

Specimens were prepared by argon ion milling of
fragments of petrographic thin section; they were lightly
coated with carbon. Electron microscopy was performed
at 100 kV in a Philips 400T microscope, and qualitative
analyses were obtained with a Tracor Northern TN2000
X-ray analyser, as described in more detail by Veblen
(1983a). Image interpretation for the biotite and chlorite
follows that of Veblen (1983b) and is consistent with
observations by Iijima and Buseck (1978), Amowic et al.
(1981), Iijima and Zhu (1982), Olives Banos et al. (1983),
and Veblen and Buseck (1979, 1980, l98l) and with
calculations by Spinnler, Self, Iijima, and Buseck (Gerard
E. Spinnler, pers. comm., 1983). As in these papers,

'Formulae from Ferry (1979):

Biotite-Ks e5Nao.orMgo 5eFelf,5Mne eaTio r8Alr 6,3Si2 72Oro(OH)2
Chlorite-Mg, ,sFe32j, Mn6 oeAl2 8osi2 zrOro(OH)e

Fig. l. Photomicrograph in plane polarized light of an
intergrowth ofbiotite (Bt), chlorite (Chl), and titanite (Sph) from
this study. The intergrowth is surrounded by qtartz, microcline,
and muscovite. The biotite and chlorite are intergrown on (001).

multiple-beam bright-field microscopy was conducted
under conditions in which the structural layers of the
sheet silicates are imaged as dark fringes, and interlayer
regions appear as white fringes. Unfortunately, at the
time of this TEM study, the microscope objective lens
current was unstable, so that the resolution in many of the
micrographs was degraded, and the brucite-like sheets
were not fully resolved; it was still possible, however, to
recognize the positions of the brucite-like sheets under
these conditions by noting anomalous spacings between
the TOT (tetrahedral-octahedral-tetrahedral) mica layers
and by noting that where the brucite-like layers were not
resolved they produced contrast that is lighter than that
formed by the mica structure.

Mixed layering and other features
in biotite and chlorite

Brucite-like layers in biotite

The intercalation of brucitelike layers is common
throughout the biotite of this specimen, producing local
chlorite structural configurations, as discussed previously
(Veblen and Buseck, 1979, 1980, l98l; Veblen' 1980'
1983b; Iiiima and Zhu, 1982; Olives Baflos e/ al., 1983;
Cressey et al.,1982). While some regions of biotite are
completely free of these intercalation defects, most of the
biotite contains them.

Of critical importance for the determination of structur-
al mechanisms of reaction are the terminations of these
bruciteJike (or chlorite-like) layers in the biotite' Figure
2a shows one possible configuration, in which the brucite-
like layer terminates in the interlayer region of the biotite;
this microstructure could result from either primary
growth or from a solid-state reaction in which the brucite-
like layer replaces the interlayer region of the mica,
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Fig. 2. Schematic representations of two dif ferent
mechanisms for forming a single layer of chlorite in biotite. The
degree of distortion of the TOT layers is exaggerated, because
relaxation around terminated layers really occurs over a greater
distance than that shown. Circles indicate interlayer cations. a.
Mechanism l. Growth of a brucite-like layer into the interlayer
region between two TOT mica layers. Direction of growth of the
layer is indicated by the arrow. This mechanism requires
introduction of substantial material and results in an increase in
volume. b. Mechanism 2. Formation of a brucite-like layer by
removal of the tetrahedral sheets of one TOT mica layer.
Direction of dissolution of the tetrahedral sheets is indicated by
the arrows. This mechanism requires a net removal of material
from the crystal and results in a decrease in volume.

forcing the mica layers apart and causing a volume
increase. Terminations of this sort have been observed in
talc (Veblen and Buseck, 1980, l98l;  Veblen 1980), in
biotite (Olives Bafros et al., 1983), and in the sodium
trioctahedral mica wonesite (Veblen, 1983b). An alterna-
tive type of termination is shown in Figure 2b. In this
case, both a brucite-like layer and a TOT talc-like (or
mica) layer terminate, one becoming the other. This
microstructure could again result from primary growth,
or it could form by a reaction in which the brucite-like

layer replaces the mica layer by removal of the mica
tetrahedral sheets, causing a volume decrease; termina-
tions of this sort have not been reported previously.

Figure 3 shows an experimental image from the present
study of the mutual termination of brucitelike and mica
layers. Since it is clear that the mica layer terminates, the
structure is that of Figure 2b, rather than2a. Inspection of
the termination also shows that growth of the chlorite
layer would entail a volume decrease, as in Figure 2b. A
number of terminations of this sort were observed, while
the other type is apparently absent. Because the brucite-
like layers in this specimen are definitely the result of
solid-state reaction, it can be concluded that the brucite-
like layers observed in the biotite formed by consumption
of mica layers. The petrological relevance of this observa-
tion is assessed in the "Discussion" section.

It has been recognized in other studies (e.9., Olives
Bafros er al.,1983; Bell and Wilson, l98l) that slip planes
resulting from natural deformation can play an important
role in the chemical behavior of micas. For example,
basal slip planes can provide preferred sites for alteration
reactions. In the present study, however, deformation of
the biotite should not be an important factor, because
crystallization and subsequent alteration of the specimen
postdated all or almost all of the Devonian penetrative
deformation in south-central Maine. Furthermore, evi-
dence of deformation was absent from the mica, and, as
shown above, alteration proceeded not along interlayer
planes, where slip occurs, but along the TOT mica layers.

Micro-precipitates

One unusual observation in this specimen was the
occurrence of small lenticular or plate-like precipitates in
the planes ofthe brucite-like layers intercalated in biotite.
These objects ranged in size from abour tOA to t2OA
normal to the sheet silicate lavers and from about 204 to
6fi)A parallel to the layers. Two examples of these micro-
precipitates are shown in Figure 4.It can be seen clearly
that they deform the surrounding sheet silicate structure.
Because literally thousands of these precipitates were

Fig. 3. Termination of a mica layer (arrowed) into a chlorite layer (Chl).



observed, they should be treated as an important obser-
vation, rather than a curiosity.

These micro-precipitates exhibit no fringes in HRTEM
and produce no recognized effects in selected area elec-
tron diffraction (SAED) patterns, suggesting that they
may be amorphous. Failure to observe these effects,
however, could result from their relatively small volume
(compared to biotite), their non-rational orientation with
respect to the electron beam, and spacings below the
resolution of the TEM used in this study. In a few cases,
moir6 patterns were observed to be associated with the
precipitates (Fig. 5). These could arise from interaction of
a crystalline precipitate and the biotite. However, they
could also be produced by overlapping of biotite above
and below the precipitate, if the precipitate is completely
embedded in the specimen and if it causes misorientation
of the biotite above and below it. The question of whether
the micro-precipitates are amorphous or crystalline is
therefore not resolved by this study.

Attempts to analyze these micro-precipitates in the
TEM were unsuccessful because of their small sizes.
They were therefore not identified directly, although they
may well be amorphous silica or quartz, based on petro-
logical inference (see "Discussion"). Analysis using elec-
tron energy loss spectroscopy (EELS) and microdiffrac-
tion techniques on a dedicated scanning TEM (STEM)
might provide a definitive identification.

Although the micro-precipitates were not identified
rigorously, they clearly are an important and integral part
ofthe alteration reaction in this biotite. In all cases, they
Iie in the planes of alteration, where a brucite-like layer
has replaced a mica layer. In areas that have experienced
substantial alteration, the micro-precipitates are abun-
dant (Fig. 6), and they are also present in chlorite that is
in the immediate proximity of partially-altered material.
However, they appear to be absent in chlorite that is
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farther from biotite and from partially altered material;
the significance of this observation is addressed in the
"Discussion."

S ub s t antially alt e re d are as

As shown above, most regions of biotite that have
undergone substantial alteration contain numerous micro-
precipitates between the sheet silicate layers (Figs. 4, 6).
They also, of course, contain numerous brucite-like lay-
ers,leading to both isolated and clumped areas of chlorite
structure. This material can be described as an apparently
random biotite-chlorite mixedJayer silicate (Fig. 7). This
mixed-layer material is analogous to the wonesite-chlo-
rite mixed-layer silicate described by Veblen (1983b),

Fig. 5. Moir6 fringes (diffuse, roughly vertical bands)
associated with a micro-precipitate. Deformation of the mica
around the precipitate can be seen by viewing at a low angle
parallel to the mica layers.
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Fig. 4. Two examples of microprecipitates lying in planes where biotite has been altered to chlorite.
These two examples are typical of the size range of most of the precipitates. Deformation of the mica
layers around the precipitates can be seen best by viewing the figure at a low angle parallel to the
layers.
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Fig. 6. Overview showing abundant precipitates (oblong black features). On the right, the precipitates lie on individual chlorite
layers (vertical streaks) in biotite. On the left, the biotite has been more completely altered to a biotite-chlorite mixture.

except that the trioctahedral mica wonesite is sodium-rich
instead of an ordinary potassium biotite.

Continued alteration of the biotite-chlorite intergrowth
resulted in chlorite, which in some places contains a
substantial number of relict extra mica layers and in other
places is relatively free of these "defects." Rather than

being a "perfect" chlorite that produces electron diffrac-
tion patterns and images characteristic of well-crystal-
lized minerals, much of the chlorite appears to be highly
defective. Images of much of this chlorite suggest that
some layers of the structure are only poorly crystalline
(Fie. 8).

Fig. 7. Disordered mixed-layer biotite-chlorite. The mica has darker contrast with pronounced l0A fringes, while the chlorite is
lighter grey with lower contrast. The black arrow indicates a prominent micro-precipitate, and "d" indicates a disrupted region where
the specimen has started to pull apart, presumably during sample handling.
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C he mic al c haracteris tic s

Energy-dispersive X-ray analyses obtained in the TEM
from the biotite and chlorite confirm the electron micro-
probe results ofFerry Q979): the most notable differences
are that the biotite contains substantial K and Ti, while
the chlorite does not, and the chlorite contains substan-
tially less Si than the biotite (these are not surprising
results!). The relative proportions of Mg, Fe, and Al are
not much affected by the alteration of the sheet silicate
from biotite to chlorite.

Analyses of the mixedJayer materials show that these
are intermediate in chemical composition between biotite
and chlorite. Although the analyses are not quantitative,
they are at least consistent with the notion that there is a
linear relationship between degree of structural reaction
and the chemical composition. Such a relationship has
been demonstrated for partially-reacted chain silicate
systems (Veblen, l98l) and stems from the fact that
individual structural elements in an intergrowth exhibit
essentially the same cation partitioning behavior that they
would in their pure end-member structures. This proper-
ty, in turn, results from the fact that partitioning behavior
ofcrystallographic sites is largely determined by nearest-
neighbor site geometry, rather than by more distant parts
of the structure. Thus, the brucite-like layers in the
mixedJayer materials behave chemically just as they do
in the pure chlorite, for example.

Discussion

It has been shown above that in this specimen of biotite
from a granitic rock, alteration to chlorite proceeded by a
mechanism in which brucite-like layers replaced TOT
mica layers. We now examine the chemical consequences
of different reaction mechanisms and relate them to the
chemical characteristics of the alteration process as de-
rived from the electron microprobe and petrographic
study ofFerry (J979). Ifone knows the precise structural
mechanism of reaction, it is possible to predict certain
bulk chemical and physical attributes of the reaction. For
example, the complete replacement of a biotite crystal by
the mechanism shown in Figure 2a (mechanism l) would
require the interjection of bruciteJike layers into the
interlayer regions between all TOT talcJike layers in the
structure, along with removal of the interlayer cations.
For the molar volumes in this particular occurrence
(Ferry, 1979), this would entail a volume increase of
39.8%. This mechanism would also require the introduc-
tion of considerable amounts of Fe, Mg, Al, and H, which
are necessary for the construction of the brucitelike
layers. Additionally, K would diffuse out of the structure
along the terminations of the brucite-like layers, and Ti
would be required to difuse out ofthe octahedral sites of
the TOT mica layers, being replaced by Fe, Mg, and Al.

The reaction mechanism depicted in Figure 2b (mecha-
nism 2) produces much different chemical and physical
results from that of Figure 2a (mechanism l). Because the

Fig. 8. Interlayering of relatively ordered chlorite (o), with
periodic l4A fringes, and disordered material (d). Although some
semblance of a layer structure can be discerned in the disordered
regions, the layers appear to be discontinuous and not perfectly
straight.

brucite-like layer replaces a larger TOT layer, this mecha-
nism results in a volume reduction. For complete reaction
to chlorite, one-half of the TOT layers would be replaced
by bruciteJike layers, giving a volume loss of 30.17o for
the biotite and chlorite compositions of this occurrence.
The overriding chemical consequences of this mechanism
are the removal of Si and alkalis and the addition of H,
with relatively minor removal of Fe and Al to compensate
for loss of the tetrahedrally-coordinated Al sites. Remov-
al of Ti would require addition of Fe, Mg, or Al to the
octahedral sites of the TOT layer, but this effect is smaller
than that ofthe lost tetrahedral sites on the budget for Fe,
Mg, and Al.

Based on petrographic interpretations and electron
microprobe data, Ferry (1979) used a constant Al and Ti
reference frame to assess the likely chemical processes
and change in volume for the reaction of biotite to chlorite
plus titanite in this rock. Subtracting out from Ferry's
results the chemical effects of the titanite, which has not
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been considered in the above structural discussion of
reaction mechanisms, we arrive at the following chemical
changes necessary for the transformation of the biotite to
chlorite at constant Al: large introductions of H2O and H";
relatively minor introductions of Mg and Fe; and major
losses of K and Si (presumed to be in the form of HzSiOa).
Again subtracting out the contribution of titanite, the
volume change predicted by Ferry's results would be a
decrease of l8.6Vo. (See Appendix I for a description of
how the effects of titanite were subtracted from the
reaction of Ferry, 1979.)

Some of these results. normalized to 1.00 formula units
of biotite, are summarized in Table l. The numbers in this
table refer to the reaction coemcients for chlorite; Fe +
Mg + Mn; Al; H+SiOn; H+; and H2O that would result
from reaction mechanisms I and 2 and from the mass
balance calculations of Ferry (1979), adjusted as de-
scribed above. Coefficients for the products are taken as
positive, those of reactants negative. Also included in
Table I are the volume changes deduced from reaction
mechanisms and those of Ferry. The mineral composi-
tions of Ferry were used for the two reaction mechanism
calculations, combined with the assumptions (l) that Ti in
biotite is removed in the form of Tia+; (2) as in Ferry
(1979\, Si is removed in the form of HnSiOr, K in the form
of K+, e/c. No assumption was made concerning the
mobility or immobility of any of the chemical species
(i.e., there was no assumption of a constant Al reference
frame). (See Appendix I for the detailed forms of these
reactions.)

Table I shows that there is relatively good agreement
between the calculations ofFerry (1979)andthe effects of
reaction mechanism 2, which is the mechanism that is
actually observed to occur in this case. It is gratifying
indeed that we can relate the microscopic mechanisms of
a reaction to the macroscopically observable textures and
chemistry that result from it.

There are several possible explanations for the rather
minor discrepancies between mechanism 2 and Ferry's
calculations. First, it is possible that more than one
reaction mechanism operated; note that if approximately

Table l. Selected reaction coefficients and volume changes
calculated from reaction mechanisms, compared with those

estimated by Feny (1979).

coef f i c len t  in  
Mechan ism I  Mechan lsd  2 F e r r y  ( 1 9 7 9 )

85Vo of the biotite reacted to chlorite via mechanism 2,
while gnly l5Vo reacted via mechanism l, the agreement
with Ferry's calculations would be superb. It is very
possible, given the relatively small number of termina-
tions of brucitelike layers that are present in the speci-
men, that small numbers of terminations from mechanism
I would not have been observed, even if they had been
present. Alternatively, it is possible that after substantial
reaction has taken place via mechanism 2, another mech-
anism takes over. Given the textures that were observed
in this TEM study, it would be difficult to recognize
whether a bulk reaction mechanism, for example, had
operated during the final stages of reaction or not.

Another possible explanation for the minor discrepan-
cy between mechanism 2 and the calculations of Ferry
(1979) is that Ferry's assumptions of constant AI (and Ti)
are not rigorously correct. Although it appears to be true
that Al is relatively immobile in the metamorphic environ-
ment, it is possible that some Al was transported in the
case of this reaction; allowing only a small amount of Al
to migrate out of the sheet silicate would bring the two
results into virtually complete agreement. In any case,
the agreement between observed reaction mechanism 2
and the chemical details ofthe reaction as deduced from
petrological observations is quite good, while agreement
between mechanism l, which has apparently been ob-
served in other occurrences (see above), and the petro-
logical deductions is very bad.

Another chemical aspect of this reaction involves the
role of H+ ions. As discussed by Carmichael (1969),
short-range electrostatic neutrality can require transport
of H2O and H+ to and from reaction sites. In the present
case, the two reaction mechanisms require very diferent
behavior of H. As shown in Table l, mechanism I should
produce large numbers of H+ ions to compensate for the
influx of Fe, Mg, and AI ions, while mechanism 2 would
require an influx of H+. Mechanism I can thus be
expected to be favored in an environment of low H*
activity, while mechanism 2 would be favored in an acidic
environment. It also should be noted that other alteration
reactions occurring in this rock apparently produced H+,
so that a local source for the H* required for mechanism
2 presumably existed during the alteration (Feny, 1979).

One question left unanswered by this study concerns
the identity ofthe micro-precipitates that are observed to
form along the planes of reaction. Although no direct
analysis of these precipitates was possible, it seems likely
that they contain an element or elements from the biotite
that are "rejected" by the chlorite. Since the reaction
produces macroscopically-observable titanite, it might at
first seem that the micro-precipitates are also titanite, but
on a finer scale. However, regions of chlorite in which
these precipitates are abundant show no Ti in X-ray
analyses performed in the TEM, so that this is not the
case. Other likely possibilities involve the tetrahedral
cations Si and Al. Since the ratio AU(Fe + Mg + Al) does
not change much, and since a large amount of Si is

Chlor i te

F e + M g + M D

AI

H4SiO4

H '

fl2o

^v/v;1

+ 1 . 0 0

- 2 .  1 0

+0.0  t

+6 .03

- 6 . 0 4

+39.82

+0.50

+o.32

+0.23

+ I . 3 6

- 2 . 4 5

-30.  IZ

+o.5E

- 0 . 3 7

0 . 0 0

+ 1 .  l 4

-0 ,06

- t 8 . 6 2



released by the reaction, the most likely explanation of
these micro-precipitates is that they are extremely fine
inclusions of quartz or amorphous silica.

The micro-precipitates occur along isolated planes that
have reacted to brucite-like layers and are abundant in
partially reacted material (Fie. 6) and in chlorite that is
close to such material. They are, however, absent from
much of the completely reacted chlorite. It thus seems
that they form during the reaction as a result of insuffi-
cient transport out of the crystal of components produced
by the reaction. In the end, however, given enough time,
they dissolve. It may be in part this process of precipita-
tion followed by dissolution that leaves much of the final
chlorite structurally deranged.

In closing, let us note that solid-state reactions are
commonly characterized by petrologists in terms of mac-
roscopically observable parameters and by crystallogra-
phers in terms of microscopic crystal-structural parame-
ters. However, these alternative descriptions, albeit of
different scales, are related. We need not ask whether the
chemical changes in minerals control the crystallographic
changes, or vice versa.To more fully understand both the
crystallography and the petrology, we should, however,
consider both the microscopic mechanisms of reaction
and the more readily observable textural and chemical
changes.
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Appendix I: Reaction recalculation methods

The reaction given by Ferry (1979), normalized to I mole of
biotite, is as follows:

I Bi + 3.23H2O + 0.06H+ + 0. l0Mg2* + 0. l6Fe2+
+ 0.0lMn2+ 0.lECa2*

: 0.58chl + 0.l8Titanite + 0.96H4SiOd + 0.96K+ + 0.0lNa+

The molar volumes calculated by Ferry are V$' - l52.2lcm3 for
the biotite and V$61 = 212.85cm3 for the chlorite.

For the purposes of the present study, the effects of the titanite
in the above reaction were removed, in order to compare the
volume change and chemical efects of the biotite to chlorite
transformation with those derived from reaction mechanisms.
This procedure is justified by the observation that on the
microscopic scale Ti is removed from the biotite and not
reincorporated into chlorite. Instead, it migrates some distance
to form relatively large titanite crystals (see Fig. l), and the
reaction observed on the TEM scale is biotite to chlorite.

The volume change for the biotite to chlorite reaction was
calculated simply as
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The chemical effects of the titanite were subtracted from the
above reaction by assuming it to be stoichiometric CaTiSiO5, in
accord with analytical results of Ferry (1979). Thus, the 0.18
moles of Ca2* necesasry to make 0.18 moles of titanite were
subtracted from the reactants; 0. l8 moles each of Si and Ti in the
titanite were added to the products; H2O and H* were also
adjusted to balance for oxygen in the titanite and the H4SiO4
added to the products (similar to the procedure of Carmichael,
1969).

The final titanite-free reaction, calculated as described, is as
follows:

l .00Bi  +  3 .0 lH2o +  l . l8H+ +  0 . l0Mg2+ +  0 . l6Fe2*
+ 0 .0 lMn2+ :  0 .58ch l  +  l . l4HzSiOa +  0 . l8T i4*
+ 0.95K+ * 0.0lNa+

(As in Ferry, 1979, there is a slight charge imbalance resulting
from rounding errors.)

Ceneralized reactions (ignoring electrostatic charges) for
mechanisms I and 2areasfol lows (M = n + Mg + Fe + Alvr +
Ti + Mn;T = AlIv + Si; A : K + Na + n):

Mechanism I
Biotite

AM3T4Or0(OH), + 3M + 3H2O
Chlorite

: [M3TaO16(OH)2 + M3(OH)6] + A

Mechanism 2

Biotite
2AM3T4Oro(OH)2 + l0H2O

Chlorite
: llMrTaOro(OH)2 + M3(OH)61 + 4H4TO4 + 2A

For the reaction coemcients in Table l, these generalized
reactions were cast in terms of the observed biotite and chlorite
compositions, using the relationships lBi = lChl for mechanism
I and lBi : llzchl for mechanism 2. The detailed reactions
follow. In these reactions, K and Na are taken as monovalent;
Mg, Fe, and Mn as divalent; Al as trivalent; and Ti and Si as
quadrivalent.

Mechanism l:

K6 e5Naa 61! o rrMgo 5eFe1 65Mn6 6aTis 16.{11 63Si2 zzOro(OH)z
+ 6.04H2O + 0.59Mg + l .46Fe + 0.05Mn + l . l7Al
=Eo r rMgr 1sFe3.11Mna seAl2.s6Si2 71O1g(OH)E + 0.0lH4SiO4
+ 0.l8Ti + 6.03H+ + 0.12tr + 0.95K + 0.0lNa

Mechanism 2:

K6 e5Nas s1E6 23Mg6.5eFe; 65Mn6 6aTi6 rrAlr 63Si2 72Oro(OH)2
+ 2.55H+ + 2.45H2O
= U6 65Mg6 5eFer 56Mno 04Alr 4oSir.36O5(OH)4 + l.36H4SiO4
+ 0.18Ti + 0.18tr + 0.09Fe + 0.23A1 + 0.95K + 0.0lNa
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