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Abstract. A retrograde assemblage in a specimen from the
Franklin Marble Formation containing an unusual occur-
rence of three micas has been studied. Microprobe analyses
of the margarite, muscovite and phlogopite reveal signifi-
cant sodium and fluorine but otherwise show little mutual
solid solution. The conditions that prevailed during the re-
trogression estimated from phase equilibria are 7=370—
450° C and X4,=0.03-0.3 at an assumed pressure of 2 kb.

Examination of the phlogopite by TEM revealed re-
placement of phlogopite by chlorite. The chlorite occurred
as small packets of layers interlayered with phlogopite.
AEM analyses revealed that the chiorite composition ap-
proximates that of clinochlore. Transformations from a sin-
gle phlogopite layer to one chlorite layer (a 1:1 reaction)
and also from two phlogopite layers to one chlorite layer
(a 2:1 reaction) have been observed. Both reactions result
in a large volume change causing local strain at transition
fronts. An apparently strain-free, volume-preserving trans-
formation of 14 phlogopite layers terminating against
10 chlorite layers was observed which indicates that perva-
sive replacement may occur through a combination of both
reactions. Topological and site occupancy changes during
the transformation suggest that the reaction involves not
only gain and loss of layer units, but also considerable local
rupturing and reformation of bonds, concomitant with ion
diffusion and interchange. Dislocations (layer terminations)
at the transition front imply the existence of pathways for
the fluid flow and ion transport required for mass balance.

Introduction

Determination of the microstructural relations and chemi-
cal distributions at the interface between phases associated
with alteration processes is essential for understanding the
detailed reaction mechanisms involved in the replacement
processes. Mechanisms and pathways for ion or atom clus-
ter transport have yet to be established, although the nature
of alteration interfaces should provide data on such prob-
lems. The manner in which the primary structure is modi-
fied has received considerable attention from many minera-
logists (Berner and Holdren 1977; Page and Wenk 1979;
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Veblen and Buseck 1981 ; Veblen 1983 Cressey et al. 1982).
In attempting to understand reaction mechanisms, numer-
ous workers have focused on transformations involving
phases with common structural features such as biotite-
chlorite (e.g. Ferry 1979; Olives et al. 1983; Veblen and
Ferry 1983) and pyroxene-amphibole (e.g. Nakajima and
Ribbe 1980; Isaacs et al. 1981).

Because the scale of both mineralogical and chemical
heterogeneity may be beyond the resolution of conventional
analytical tools, transmission electron microscopy (TEM)
has recently been used for such studies (e.g. Veblen and
Buseck 1980; Veblen and Ferry 1983). On the scale observ-
able with TEM (less than 4 A), the reaction topology can
be examined in great detail; for example, transitions from
one phyllosilicate to another along individual layers have
commonly been observed (Page 1980; Lee et al. 1983). In
this paper we describe TEM observations of phlogopite
altering to chlorite in a specimen from the Franklin Marble
Formation, Franklin, New Jersey. The mineral assemblage
present in our sample allows an estimate of the conditions
of the retrogression to be made. Textural relations between
parent and product structures observed on the scale of a few
tens of Angstroms provide new insights into the reaction
mechanismsinvolved in the replacement processes, and imply
the existence of pathways for fluid flow and ion transport.

Sample characterization and experimental procedure

The sample examined in this study is from the Franklin Marble
Formation, Farber Quarry, Franklin, New Jersey. This formation
is part of a series of Precambrian sedimentary rocks metamor-
phosed to the granulite facies (Baker and Buddington 1970). The
samples was originally provided by Dr. Pete Dunn whose identifi-
cation of margarite led to our study. The upper stability limit
of the assemblage margarite and quartz is constrained to the lower
amphibolite facies (Storre and Nitsch 1971), suggesting that this
rock has undergone retrograde reequilibration.

Initial examination suggests that the rock was originally a
calcsilicate composed of feldspars and/or scapolites, but it has un-
dergone extensive sericitization obscuring the parent assemblage.
Contained within the altered matrix are undeformed augen of
phlogopites associated with other minerals. Optical examination
of polished thin sections showed that phlogopite exhibits textural
evidence of replacement. Fine-grained sericite, calcite, dolomite,
and occasionally margarite are seen along phlogopite cleavages.
The rock consists of margarite, phlogopite, dolomite, calcite,
quartz, rutile and sphene with fine-grained sericite replacing feld-
spar or scapolite. No chlorite was detected under the microscope
or through X-ray powder diffraction. However, an X-ray powder
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Table 1. Representative electron microprobe analyses

Phase Margarite  Phlogopite  Muscovite  Sphene
Si0, 29.04 40.49 42.80 31.80
TiO, 0.04 0.18 <0.03 26.28
ALO, 51.20 12.04 38.95 6.74
FeO* 0.04 1.61 0.10 <0.03
MnO <0.03 0.04 0.05 0.09
MgO 0.15 26.35 0.80 0.14
CaO 12.14 <0.03 0.33 33.39
Na,O 0.82 0.55 0.41 -
K,0 0.31 10.33 10.28 -~
BaO <0.03 0.27 0.04 ~
H,0" 4.43 0.56 4.81 0.70
F 1.03 7.13 0.20 1.74
Cl 0.06 0.13 <0.03 <0.03
‘Total wt.%  98.81 96.66 98.70 100.14
Si 3.89 5.94 5.70 3.93
ALY 4.12 2.06 2.30 0.07
A 3.96 0.02 3.82 0.90
Ti <0.01 0.02 <(0.01 295
Fe2** 0.01 0.20 0.01 <0.01
Mn <0.01 <0.01 0.01 0.01
Mg 0.03 5.76 0.16 0.03
Ca 1.74 <0.01 0.05 4.12
Na 0.21 0.16 0.11 -

K 0.05 1.93 1.75 -
Ba <0.01 0.02 <0.01 -

F 0.44 3.31 0.08 0.67
Cl 0.01 0.03 <0.01 <(0.01
O** <0.01 0.12 <0.01 —
Ok 19.60 20.00 19.64 18.75
OH** 3.55 0.54 392 -
OH*** 0.40 <0.01 0.36 0.58

Normalized to X' cations-K, Na, Ba, Ca=12 for Mrg and Musc
or 14 for Phl. Sphene normalized to 12 total cations. ‘oxide totals
corrected for fluorine and chlorine oxygen equivalents; + calcu-
lated; * all Fe calculated as ferrous iron; **in OH site; ***in
O site

diffraction pattern obtained from hand-picked phlogopite grains
reveals the presence of a small amount of a highly hydrated layer
silicate with d(001)=18.8 A.

Chemical analyses were obtained using the University of Mi-
" chigan ARL-EMX electron microprobe analyzer with an energy-
dispersive spectrometer and wavelength-dispersive PET, LiF, and
TAP crystal spectrometers. Well analyzed natural minerals were
used as standards for quantitative analysis. Data were corrected
for atomic number, fluorescence, absorption, continuous back-

Table 2. Thermodynamic data used in this study

ground and machine drift effects with the Fortran program EM-
PADR VII (Rucklidge and Gasparrini 1969). For TEM studies,
samples containing phlogopite interlayered with margarite were
removed from thin sections and ion-thinned using an argon beam
to obtain electron transparent thin edges. The University of Michi-
gan JEM-100CX transmission electron microscope operated at
100 kV with a side-entry stage was used for observation of the
sample. The specimen was tilted to bring (001) planes parallel to
the electron beam. Electron diffraction patterns of sclected areas
were obtained, followed by recording of (001) lattice fringe images.
Qualitative analyses were performed using an energy dispersive
detector attached to the TEM, with special attention being given
to possible variations in composition across phlogopite-chlorite in-
terfaces.

Analytical results

Microprobe analyses of several of the minerals in this sam-
ple are listed in Table 1. The margarite analyses reveal sub-
stitution of F and Cl for OH, and Na for Ca. Because
the exchange of Na for Ca is not balanced by exchange
of Si for Al, the charge balance may be maintained by
exchange of OH for O or by small trioctahedral substitu-
tions in the octahedral layer. Without accurate water analy-
ses the relative importance of these two mechanisms cannot
be evaluated.

The phlogopites are very fluorine-rich (approximately
85% F-phlogopite) and also contain small chlorine- and
oxy-components. This fluorine level exceeds all but a very
few of those in reported fluorphlogopites (Valley et al.
1982). The excess cation total in the potassium site may
be an artifact of analytical error. Despite its occurrence
in the same rock as margarite, the phlogopite shows no
calcium solid solution towards either dioctahedral margar-
ite or trioctahedral clintonite. The muscovites in this sample
are generally fine-grained, but a few grains were large en-
ough to analyze. The analysis shows about 5% replacement
of K by Ca, but this may be due to submicroscopic inter-
layers of margarite. The sphene shows 25% substitution
of Al for Ti charge-balanced by OH and F for O. Calcite
and dolomite analyses yield the compositions (Cag o
Mg, 02F€g.01)CO5 and (Cag 4oMgo 4sFe0.02Mng 6,)CO; re-
spectively, which fall very close to the calcite-dolomite join.

Phase equilibria

The assemblage margarite ~ phlogopite — calcite — dolomite
— quartz — rutile — graphite — sphene allows constraints
to be placed on the P— T'— X conditions if the assemblage

Phase VSosg %08 A B C D Ref.
Phlogopite (Phl) 149.66 75.50 92.8590088 32.2079926 4.7075014 — 545.700195 4
Margarite (Mrg) 133.77 63.02 92.5693820 32.5486760 10.0167200 — 548.59619 3
Anorthite (An) 100.79 47.63 63.0265960 15.0211697 7.5215101 — 372.056152 3
Andalusite (And) 51.53 22.28 42.2777560 5.4315310 6.8636541 — 250.20799 1
Tremolite (Tr) 272.92 131.19 174.5645040 78.1535602 16.6607526 —1036.81644 1
Quartz (Qz) 22.69 9.91 17.5642670 0.1876184 3.6750740 — 104.240801 1
Calcite (Cc) 36.93 21.93 24.5972250 5.6011761 2.9184167 — 145.0900 1
Sphene (Sph) 55.65 30.88 42.2956988 5.6643275 4.8232497 — 248.0500 1
Rutile (Ru) 18.82 12.02 15.0225742 2.7160936 1.1936939 —  87.74525 1,2

§%—8%qg (cal/mole °K)=A-10T+1073B-T+10°C- T~ + D; V344 (cc/mol)
(1) Robie et al. (1978); (2) JANAF (1975); (3) Robinson et al. (1983); (4) Robie and Hemingway (1984)



Fig. 1. T-X phase equilibria calculated for end member composi-
tions (solid curves) and corrected for solid solutions (dash curves).
T,. (370° C) calculated from calcite-dolomite thermometry. The
darkened line represents the conditions of our sample containing
phl, mrg, ru, sph, c¢, qz. Reaction (1) was calculated from the
reversal of 2 kb, 520° C, X, =0.78 (Jacobs and Kerrick 1981),
reaction (3) from 6 kb, 620° C, X, =0.56 (Hoschek 1973), and
An+C0O,=Cc+Qz+And from 2 kb, 450° C, X¢o,=0.69 (Jacobs
and Kerrick 1981)

was at equilibrium. The conditions of the event during
which these phases equilibrated must lie along the reaction:

rutile + calcite + quartz =sphene 4+ CO, €))]
(Jacobs and Kerrick 1981), and below the reactions:

margarite + calcite + quartz
=anorthite+ CO, +H,O 2)

(Storre and Nitsch 1974), and:

phlogopite + calcite + quartz
=K-feldspar + tremolite + CO, + H,O 3)

(Hoschek 1973). These equilibria constrain both the maxi-
mum temperature and X, if the pressure is known. In
order to quantify these constraints, phase equilibria are cal-
culated using thermodynamic data in Table 2. The non-
ideal mixing properties of H,0 and CO, were calculated
from the model of Kerrick and Jacobs (1981). All calcula-
tions were performed using the program EQUILI (Wall
and Essene unpbd.) which is similar to that of Slaughter
et al. (1976). The intersection of reactions (1) and (2) limits
the maximum equilibration temperature (Fig. 1). Equilibri-
um conditions must lie along reaction (3) below this inter-
sect point, which therefore also represents the maximum
value of X, in the fluid.

Reactions (1) and (2) have been corrected for solid-solu-
tion effects in order to apply the end-member phase equilib-
ria to the Franklin sample. Calcite activities were calculated
using the data of Anovitz and Essene (1984). The activities
of margarite and sphene were calculated as

Mg — (X Ca) (X AI)Z(X OH)4 (6)
spn = (Xca) (Xyy) (Xg)- (N

The corrected curves suggest a maximum temperature of
450° C, and a maximum for X., =0.3 at an assumed pres-
sure of 2 kb (Fig. 1).
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An equilibration temperature may also be calculated
for the calcite/dolomite assemblage (Goldsmith and New-
ton 1969; Anovitz and Essene 1984). As no exsolution tex-
tures were observed in the calcite, it was not possible to
ascertain whether peak conditions were recorded. The re-
sults obtained using the calibration of Anovitz and Essene
(1984) give a temperature of 370° C and X, =0.03, which
agrees well with the conditions imposed by the equilibria
discussed above.

TEM and AEM results and interpretations

Stacking phenomena of phlogopite and margarite

Under the optical microscope, margarite is seen to be inter-
leaved with phlogopite, suggesting that interlayering fea-
tures between dioctahedral and trioctahedral micas would
be found at the TEM scale. Because the observed texture
implies that margarite replaces phlogopite, the interface be-
tween these phases might show unusual structural and
chemical relations. However, under TEM examination,
phlogopite is always separated from margarite by calcite
and/or dolomite and no interlayering relations between
these two micas could be observed.

A lattice fringe image and an electron diffraction pattern
of (001) reflections was obtained from a reg1on of fresh
phlogopite. The 10 A spacing between lines in the image
corresponds to the (001) interplanar spacing of a one-layer
polytype of phlogopite (Fig. 2). Observations from four dif-
ferent phlogopite grains at various tilting angles relative
to the electron beam and including many reflections in addi-
tion to 00 1 reflections showed only 10 A spacings, suggest-
ing that only the single-layer phlogopite polytype is present.
In addition, as the diffraction pattern shows no streaking
in the [001] direction, there is no evidence for stacking dis-
order. This is consistent with X-ray studies of phlogopite
from Franklin, New Jersey (Hazen and Burnham 1973).

Margarite commonly occurs as a 2-layer polytype (Tak-
éuchi 1965; Bailey 1975). However, our TEM observations
(Fig. 3) revealed individual 3-layer and 5-layer units irregu-
larly mixed within the dominant 2-layer polytype. The 20 A
spacing between fringes for the 2-layer polytype corre-
sponds to the interplanar distance of a 2-layer polytype.
This image was obtained using an aperture which included
only 001 reflections. The attached electron diffraction pat-
tern, which corresponds to the image area, shows diffuse-
ness parallel to c¢*, due to the existence of different units.

Replacement of phlogopite by chlorite

Chlorite was not observed at the resolution of the petro-
graphic microscope. However, when ion-thinned samples
were examined by TEM, 14 A chlorite layers were found
within 10 A phlogopite 1ayers near the regions where calcite,
dolomite, and/or margarite are associated with the phlogo-
pite. This association is shown in a low magnification
bright-field TEM micrograph (Fig. 4), in which calcite oc-
curs between phlogopite structural layers. Figure 5 is a
higher magnification TEM image corresponding to the out-
lined rectangular region in Fig. 4. In this area, a transition
zone of disordered, mixed-layers of phlogopite and chlorite
separates packets of homogeneous chlorite and phlogopite.
Chlorite layers are identified from the characteristic inter-
planar 14 A spacing in the lattice fringe images and the
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Fig. 2. Lattice fringe image and electron diffraction pattern of a phlogopite showing an ordered one-layer (10 A) stacking sequence

Fig. 3. Lattice fringe image and electron diffraction pattern of margarite consisting mostly of two-layer (20 A) polytype interlayered

with 3- and 5-layered units
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Fig. 4. Low magnification electron micrograph of fresh and altered phlogopite in association with calcite occurring along phlogopite

structural layers

Fig. 5. Lattice fringe image and electron diffraction pattern of the rectangular region outlined in Fig. 4. Packages of homogeneous
chlorite and phlogopite layers are separated by a chlorite-phlogopite mixed layering transition zone

corresponding electron diffraction patterns (inserts in
Fig. 5). The streaking along c* seen in the pattern results
from the random interlayering of chlorite and phlogopite
in the transition zone. An enlargement of this transition
zone shows complex interlayering relations between phlogo-
pite and chlorite (Fig. 6a). A local ordering involving inter-
leaving of two phlogopite layers (2 P) with one chiorite
layer (C) is shown. However, the distance over which the
sequence occurs in this case is much too small to definitely
constitute a meaningful repeat, and it is therefore of uncer-

tain significance. Ordered 1:2 mixed-layered chlorite/mica
has also been observed by Ahn and Peacor (personal com-
munication).

Some of the phlogopite layer pairs terminate in a single
chlorite layer (indicated by circles in Fig. 6a). This type
of termination, also observed by Veblen and Ferry (1983),
is shown more clearly in Figure 6b. In both figures, consid-
erable strain contrast, edge dislocations and bending of the
nearby layers (indicated by arrows) are found in association
with the phlogopite-chlorite layer terminations. A second
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Fig. 6a—d. Lattice fringe images of phlogopite (P)-chlorite (C) interlayering relations: a An enlargement of the transition zone in Fig. 5
shows local ordering of 2P and 1C. Transitions from 2P to 1 C are shown in circles. b A transition from 2P to 1C. Arrows point
out the associated bending and edge dislocation in the nearby layers. ¢ Small packets of chlorite layers interlayered with phlogopite
layers. Partial terminations from 1C to 1P are shown in circles. d An interlayering transformation from 14 phlogopite layers to 10 chlorite
layers. Four TOT structural layers of phlogopite terminate at edge dislocations (shown as small circles)

area in this sample shows small packets of chlorite layers
interlayered with phlogopite (Fig. 6¢). A different type of
termination, also observed by Veblen (1983) and Olives and
Amouric (1984), in which a single phlogopite layer is con-
verted to one chlorite layer is evident in this figure (indi-
cated by circles). In all cases, however, the chlorite layers
apparently occur coherently or semicoherently within pack-
ets of phlogopite layers. An unidentified phase with a very
diffuse electron diffraction pattern was observed nearby.
Its corresponding image shows wavy contrast but no lattice
fringes. The lack of sharp diffraction maxima and well-
defined lattice fringes may be due either to poor crystallinity
or to damage caused by the electron beam. We suspect
that this phase might correspond to the apparently highly
hydrated phase identified by X-ray powder diffraction.
Perhaps one of the most significant observations of this
study is illustrated in Figure 6d, where a packet of chlorite
layers terminates against a packet of phlogopite layers. In
this image, apparently straight 001 lattice fringes can be
traced above and below the interface, indicating structural
continuity in those layers. In the region between two such
continuous layers, 14 phlogopite layers have been trans-
formed into 10 chlorite layers with no apparent change in

volume. At the interface, four phlogopite layers terminate
as edge dislocations, and no obvious strain contrast is asso-
ciated with the transformation. The significance of these
observations is discussed below.

Chemical analysis across the phlogopite-chlorite interface

Chlorite could be observed only rarely at the level of TEM
resolution and it appears even then only as small packets
of layers interlayered with phlogopite. The only area ob-
served to have a significant amount of chlorite is the area
shown in Fig. 5, in which a packet of 30 chlorite layers
is separated from a packet of phlogopite layers by an 800 A
thick transition zone of mixed phlogopite and chlorite
layers. Microcrystalline calcite also occurs in close associa-
tion with this transition zone. Unfortunately, the size of
the chlorite packet is smaller than that which can be re-
solved by energy dispersive analysis. X-ray spectra obtained
for the chlorite were contaminated with spectral peaks from
phlogopite and calcite and therefore no quantitative data
could be obtained for the chlorite. Nevertheless, comparing
the differences between spectra from the fresh phlogopite
region (Fig. 7a) and from the chiorite region (Fig. 7d) gives
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Fig. 7a+b. X-ray spectra obtained from a a fresh phlogopite re-
gion, b a chlorite packet with small amount of phlogopite and
calcite

qualitative data on the composition of chlorite. Subtracting
the relative intensities of peaks from the contaminant phlog-
opite and the Ca peak from calcite suggests that chlorite
consists mainly of Mg, Al, Si and a small amount of Fe.
The intensity ratio of Al to Si corresponds to a molar ratio
of approximately 2:3. As very little Fe is present, this sug-
gests that the chlorite composition approximates that of
clinochlore (MgsAl,Si;0,,(OH)g). Although this is quali-
tative at best, it does place limits on the chlorite composi-
tion, and therefore allows estimates to be made of the chan-
ges in composition attendant to the replacement.

Discussion

The observed interlayering relations between phlogopite
and chlorite appear to be the result of a replacement reac-
tion. Phlogopite and chlorite both contain a talc-like layer
as the major structural unit but they differ in that where
phlogopite has a K* ion as an interlayer component, chlo-
rite contains a brucite-like layer. This difference causes
d(001) to be approximately 10 A in phlogopite and 14 A
in chlorite. In view of the analogies in structure of the talc-
like unit, transformations may only involve changes in the
interlayer units. For example, Olives and Amouric (1984)
observed a brucite-like layer as continuous with an inter-
layer unit of biotite and suggested that the chlorite formed
by insertion of a brucite-like layer in the interlayer region
of the mica structure, from which K* is removed. We have
observed a relation showing one phlogopite layer as contin-
uvous with one chlorite layer (Fig. 6¢), which may have
formed by this insertion mechanism. In addition, Veblen
and Ferry (1983) observed another type of transformation,
in which two mica layers tranform into a single chlorite
layer. They proposed that the transformation takes place
primarily by the replacement of a TOT mica unit by a
brucite-like layer. We have also observed this kind of trans-
formation where two phlogopite layers terminated against
a single chlorite layer (Fig. 6b). However, high resolution
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Fig. 8a—c. Possible structural relations of phlogopite (P) and chlo-
rite (C) for a a 1:1 reaction, b a 2:1 reaction, ¢ combination of
1:1 and 2:1 reactions

structural images were not obtained and we cannot there-
fore resolve the brucite-like layer in chlorite and the octahe-
dral sheet in the TOT mica unit so as to trace their spacial
relations across the interface. The reaction mechanism for
this kind of transformation involves more than the simple
removal of K* or tetrahedral sheets of one mica layer.
Mass balance relations require significant concomitant ca-
tion diffusion and interchange, with implications for some
structural reconstruction. For convenience, we refer here
to the former transformation as a 1:1 reaction (one mica
to one chlorite) and the latter transformation as a 2:1 reac-
tion (two micas to one chlorite). Their possible structural
relations are schematically shown in Fig. 8a and b respec-
tively (modified after Veblen and Ferry).

Both the 1:1 and 2:1 reactions are accompanied by
a significant change in volume. Because the principal topo-
logical features of the transformation between phyllosili-
cates are related to interlayer changes (Olives et al. 1983),
the resultant changes in volume are approximately equal
to the change in d(001). In the case of the 1:1 reaction,
the transformation from phlogopite to chlorite results in
a 40% expansion in volume whereas in the case of the
2:1 reaction, the volume decreases approximately 30%. In
both instances, this is a large volume change. As we ob-
served many layers in the process of transformation, it is
clear that the transition occurs by progression along an
individual layer. At the site of transition there must there-
fore be significant strain due to the volume change. As
shown in Fig. 6b, where the transformation involves only
a single layer, dramatic strain effects are apparent in nearby
structural layers as evidenced by strain contrast. Because
the reactions tend to minimize the interfacial energy (lijima
and Zhu 1982), we propose that neither mechanism is likely



to occur alone on a large scale. However, the volume change
can be compensated to a first approximation by combining
both mechanisms of replacement resulting in a minimum
of strain at the reaction front. Indeed, we observed an inter-
layering transformation of a relatively thick packet of
layers, in which 14 phlogopite layers are seen to transform
to 10 chlorite layers (Fig. 6d). As the thickness of both
packets is approximately 140 A, there is no apparent vol-
ume change. The lack of significant strain contrast asso-
ciated with the interface further supports this conclusion.
Possible structure relations for this transformation are sche-
matically shown in Fig. 8c. If 8 of 14 phlogopite layers
transform to 4 chlorite layers by the 2:1 reaction and the
remaining 6 layers transform to 6 chlorite layers through
the 1:1 reaction, the volume remains essentially unchanged
and no strain contrast should be observed. While we have
observed such a feature only once, we believe that it may
be representative of the replacement process which has gone
to completion in most cases and it is indeed rare that the
“along-layer” transition can be detected en camera.

It is important to consider the chemical aspects of the
transformation in order to give a complete picture of re-
placement processes. From the observed mineral assem-
blages, replacement may take place by the following reac-
tions:

KMg;AlS1;0, ,(OH), + CaAl,Si1,0,,(0OH),

+ 810, +2 CaMg(CO,;),+3 H,0
=Mg;Al,5130,,(OH)s + KAL;81,0,,(0H),

+3 CaCO5+CO,. (6)

2 KMg,AlSi,0,o(OH), + CaCO,+CO,+H,0+2 H*
=Mg;ALSi,0,,(OH), + CaMg(CO,),
+38i0,+2K". o)

The first reaction describes the conversion of one phlogo-
pite to one chlorite and may account for the chemical chan-
ges of the 1:1 reaction, while the second reaction describes
the conversion of two phlogopites to one chlorite and may
account for those of the 2:1 reaction. Based on chemical
arguments, Veblen and Ferry (1983) also suggested that
more than one reaction mechanism operated during the
replacements. On the basis of observed textural relations
(Fig. 6d), we suggest that a pervasive replacement of mica
by chlorite occurs through a combination of the 1:1 and
2:1 reactions. If 60% of the chlorite formed by the 1:1
reaction (reaction (6)) and 40% of the chlorite formed by
the 2:1 reaction (reaction (7)), the resultant change is:

14 KMg,AlSi,0, ,(OH), + 6 CaAl,Si,0,,(0H),
+8 CaMg(CO,), +22 H,O+8 H*

=10 Mg;AlLSi,0,,(OH); + 6 KALSi,0, ,(OH),
+14 CaCO4+6 Si0,+2 CO, +8 K *. )

Considering only the interface where 14 phlogopite layers
transform to 10 chlorite layers, the composite chemical
change is:

14 KMg,AlSi,0, ,(OH),
+8 Mg +6 AI** +28 H* +12 H,0
=10 Mg,ALSi,0,,(OH)s+14 K* +12 Si**. )

The formulae in these equations are those of ideal end
members, but they are reasonable approximations to the
actual compositions. To a first approximation, Eq. 9 re-
flects the principal losses and gains. The transformation
from 14 phlogopite to 10 chlorite, therefore, involves a sig-
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nificant flux of cations and H,0. Not only is the structural
topology changed, but major changes in composition occur
which involve both tetrahedral and octahedral sites in the
talc-like layers. The topological and site occupancy changes
appear to occur only at the reaction front (such as shown
in Fig. 6d). Although conjectural, it seems reasonable to
imagine the reaction as one which involves considerable
local rupturing and reformation of bonds even in those
units which are structurally unchanged after the transfor-
mation.

Because the transformation must involve considerable
mass change, there must be some transport mechanism.
In Fig. 6d, we observe four edge dislocations in association
with the phlogopite termination as results from the 2:1
reaction. In addition, the edge dislocation at the termina-
tion of an inserted brucite-like layer resulting from the 1:1
reaction is implied to exist by the structure relations (see
schematic drawing in Fig. 8¢), although we were unable
to resolve it in our images. Although the actual geometry
of these edge dislocations is unknown, it must be a column
of several Angstroms in diameter lacking the translational
periodic structure of the terminating unit. We therefore pro-
pose that it is dislocations which serve as the pathway for
the fluid flow and transport of the ions which are gained
or lost in the reaction. Veblen and Buseck (1980) also sug-
gested that edge dislocations may act very much like
continuous voids in structures such as zeolites. This requires
that the dislocations (layer terminations) are not a passive
result of the transformation, but an essential active element.
While speculative, the reactions provide a framework for
both the structural and chemical changes attendent to the
replacement process, and provide evidence for the diffusion
pathways which must exist for such transformations.
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