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ABSTRACT. The microstructure, whole rock, and phyllosilicate chemistry of a sc-
quence of slightly metamorphosed sandstones, laminated silistones, and pelites from
Clunes, Victoria, Australia are described, and a model is preseunted for the develop-
ment of the metamorphic layering (S,) which forms an axial surface structure to meso-
and microfolds in bedding (S.). The metamorphic layering is defined by relative con-
centrations of white mica + chlorite (P-layers) and quartz (Q-layers). The development
of P-layers is fold-dependent in the laminated siltstones and pelites but remains
prominent in the sandstones even though folding is generally absent.

Solution-mica precipitation and ion exchange reactions between pre-S; (detrital
and diagenetic) phyllosilicates and the ambient pore fluid occurred in both P- and
Q-layers but appear to have been more significant in the P-layers. In particular, the
rate of ion exchange reactions was promoted along the P-layers due both to increased
diffusivity of ionic species within and between pre-S; grains. Relative to the composi-
tion of the Q-layers and on the basis that Ti neither left nor was added to the system,
there were considerable (>40 percent) losses of Na, 8i, Mn, and Ca, smaller (15 to 40
percent) losses of P, total Fe, volatiles, Mg, and Al, minor (<15 percent) losses of Zr
and Y, and minor, (<15 percent) addition of K during P-layer formation. The mate-
rial lost is thought to have left the local system along the P-layers, probably to be
deposited in quartz (# chlorite) and carbonate veins. A minimum estimate {or the net
loss in volume during formation of S; is in the order 10 to 20 percent of the original
rock volume.

In the foliation model the dark P-layers correspond to zones of relatively high
permeability established during the early strain increments of D; due to the modifi-
cation of existing pore shapes. Expulsion of trapped pore fluid and attendant reactions
(dissolution, ion exchange) between the fluid and pre-S; mineral grains occurred dur-
ing later stages of D, particularly along the incipient P-layers. Dissolution of albite,
quartz, pre-S; chlorite, diagenetic carbonate, and probably also pre-S, white mica are
consistent with the chemical data. Precipitation and growth of new phengite mica, in
equilibrium with the fluid, accompanied these rcactions and formed by the removal
from the fluid of Si, K, and to a less extent Fe and Mg and combination with Al
readily available in the rock. Availability of K in the fluid was the critical factor
determining the amount of new phengitic mica produced, minor addition of mica
actually occurring along the P-layers. The preferred orientation of the new micas
parallel to the layering was largely controlled by the anisotropic supply of constitu-
ent material to the faces of newly precipitated grains (Etheridge, Paterson, and Hobbs,
1974), that is, the permeability of the system during D, Although differentiation into
P- and Q-layers is intrinsically related to the establishment of relatively high and low
permeability zones, the present character of the layers is determined by the more
prounounced chemical changes that occurred along the high permeability zones.

It is considered that the extreme mineralogical and chemical differences between
adjacent P- and Q-layers and the variable S; morphology in different lithologies raise
the question of whether the mechanism of pressure solution is solely responsible for
the greater dissolution and precipitation of material along the incipient P-layers. It is
suggested that the differentiation into P- and Q-layers is related to the faster rate of
dissolution and mica precipitation reactions along the incipient P-layers, due to en-
hanced fluid flow along these high permeability zones. Such a model may be acting
quite independently of or at the same time as pressure solution effects.
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INTRODUCTION

Discussion of axial surface foliations in the literature has been
largely concerned with three problems:

1. nomenclature;

2. mechanisms involved in their formation;

3. relationship between the foliation and the finite strain ellipsoid.

Attempts to define a practical terminology for such foliations (for
example, Knill, 1960; Rickard, 1961; Talbot and Hobbs, 1968; Ramsay,
1967, p. 177; Cosgrove, 1976) have tended to obscure the overlapping
nature of their morphology and, thus, their possibly related origins. The
gradation in morphology of many types of axial surface foliation ap-
pears to indicate that several mechanisms are important in their devel-
opment, but under different physico-chemical conditions one or more
mechanisms may be effective in defining a particular foliation. Factors
such as the presence of an initial anisotropy, the relative timing of folia-
tion development in a deformation-metamorphic sequence, the presence
or absence of a pore fluid, and the PT conditions of deformation and
metamorphism will control which mechanism or combination of mech-
anisms is the most important. A similar viewpoint has also been ex-
pressed by Helm and Siddans (1971) and Wood (1974) with respect to
slaty cleavage. It is considered that an understanding of both the strain
history and the mechanism(s) involved in the formation of a particular
foliation are a prerequisite for any prediction concerning the relation-
ship between the foliation and the finite strain ellipsoid.

Several processes have been suggested as an explanation for axial
surface foliation development. These include:

1. mechanical rotation of inequidimensional particles due to either
finite strain (Sorby, 1856; Means and Paterson, 1966; Oertel, 1970;
Williams, 1972) or the passage of fluid through relatively unconsolidated
sediment under the influence of high pore fluid pressure (Maxwell, 1962;
Powell, 1969);

2. deformation of preexisting grains or objects including, for exam-
ple, individual quartz grains (Wilson, 1973), ooliths (Cloos, 1947), or
pebbles (Hossack, 1968; Gay, 1969; Stephens, 1975);

3. differential solution and precipitation of material during defor-
mation (Plessmann, 1964; Durney, 1972; Williams, 1972; Elliot, 1973;
Groshong, 1975; Cosgrove, 1976; Gray, 1977);

4. stress and/or strain induced recrystallization (Green, Griggs, and
Christie, 1970) and/or mineral grain growth (Kamb, 1959) including the
orientation-dependent growth mechanisms of Etheridge, Paterson, and
Hobbs (1974).

The present study is concerned with the development of axial sur-
face foliation in slightly metamorphosed sandstones, siltstones, and
pelites in boreholes from the Clunes goldfield, central Victoria, Australia.
The study was initiated in connection with a project aimed at assessing
the relationship between cleavage development and gold deposits in the
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Victorian slate belt (Glasson and Keays, 1978). The microstructure, I?ulk
rock chemistry, and phyllosilicate chemistry of these rocks are described
in detail. The results demonstrate that in this particular low-grade en-
vironment the foliation developed by a complex interaction of mechani-
cal and chemical processes. It is suggested that the processes of recrystal-
lization and/or mineral grain growtly, although apparently the dominant
mechanism of preferred orientation development in many deformed
rocks, obscure the earlier deformation history and lead to an oversim-
plified picture of foliation development.

GEOLOGICAL SETTING

Clunes lies approx 110 km west-northwest of Melbourne (fig. 1) and
forms the center of a goldfield worked during the latter half of the last
century. The Clunes goldfield is situated geologically in the auriferous
slate belt of central Victoria. Northwest of Melbourne the slate belt is
composed of Ordovician and possibly older graywackes, siltstones, shales,
and slates (Singleton, 1965). The sandy beds are often graded, alternate
with the finer pelitic units, and thought by Hills and Thomas (1954)
to have been deposited from turbidity currents.

The bedrock around Clunes is an alternating series of sandstones,
siltstones, and pelites which have been assigned a Lower Ordovician age
(Coldham, 1953); exposure of these rocks is limited to an area adjacent
to Creswick Creek which flows through the Clunes township (fig. 1). The
Lower Ordovician rocks are overlain by Tertiary alluvial sediments
and/or later basalt flows. A few kilometers to the west of Clunes a
granite body of Lower Devonian age forms a series of peaks rising above
the basalt plain. Various acidic and doleritic dikes have been located in
the old mine workings (Baragwanath, 1917) and in more recent diamond
drill holes.

Macroscopically the Ordovician rocks at Clunes are folded about a
tight anticline which trends 10° east of north and plunges gently to
north and south (Coldham, 1953; and fig. 1); the old mine workings are
located along the axial surface trace of the anticline (fig. 1). This fold
conforms to the macroscopic structural pattern of the Ordovician rocks
in central Victoria (Thomas, 1939). A description of the mesoscopic
structures within the Ordovician of Victoria has been presented by
Beavis (1967).

The samples used in this study were collected [rom three inclined
diamond drill holes which penetrated both limbs of the anticline. The
locations of the drill holes are indicated on figure 1.

PETROGRAPHY AND MESOSCOPIC STRUCTURE
The drill cores consist of an alternation of three main lithologies.
1. Fine to medium grained, poorly sorted sandstones are composed
predominantly of quartz, albite (10 percent and above), white mica, and
chlorite with accessory amounts of pyrite, zircon, tourmaline, and Ti-
rich minerals; chert and pelite lithic [ragments and sideritic carbonate
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are present in some sandstones. The carbonate occurs either as ellip-
soidal blebs, ranging from 0.3 to 2 mm across in sections perpendicular
to the axial surface foliation, or in veins. Sideritic carbonate blebs are
often concentrated either along sandstone-pelite contacts or around
pelite clasts, while the carbonate veins lie parallel to and cut across the
axial surface foliation. The sideritic carbonate provides a clear example
of mobility of material both during early post-depositional modification
of the sandstones (formation of blebs) and during foliation development
(formation of veins).
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Fig. 1. General geology and location of drill holes at Clunes.
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2. Laminated units of siltstone and/or siltstone and fine sandstone
exhibit the same mineralogy as the sandstones, but there is a higher
proportion of phyllosilicates compared to quartz and feldspar.

3. Gray-green to black pelites are subordinate to the sandstones and
siltstones. They are composed of the same minerals as the sandstones
but are dominated by phyllosilicates; detrital quartz grains are less than
10 pm across.

The structure within these lithologies can be conveniently divided
into two groups separated by their geometrical relationships to the bed-
ding (S,) and axial surface foliation (S,). S, formed during the single
phase of deformation (D,) which has affected these rocks.

Group 1 structures are either enclosed between or defined along the
S, surfaces and are transected by S,, that is, they predate the axial sur-
face [oliation; these include graded bedding, intrastratal [olding (slump-
ing and minor bedding irregularities), cross-lamination, and occasional
load casts associated with highly irregular {lame structures. In some silt-
stones and fine sandstones the cross-laminations are steepened and even
overturned; these steepened foresets are unambiguously deformed and
crosscut by S,. Such structures are common in water-saturated sediments
(McKee, Reynolds, and Baker, 1962; Allen and Banks, 1972; Lowe, 1974),
and their formation has been related to the escape of trapped pore fluid
during sedimentation and/or the initial stages of consolidation.

The group 2 structures include ¥, mesoscopic folds (pl. 1-A) parasitic
to the macroscopic anticline and mullions (pl. 1-B and Beavis, 1970);
these structures deform S, and contain S, as an axial surface structure.
The mullions are distinct from load casts in that:

I. They occasionally occur at the top as well as at the base of un-
graded sandstone units (see also Beavis, 1970).

2. The §, foliation converges inward toward the tightly pinched
fold between the sandstone mullions, thus determining a regular rela-
tionship between S, and the mullion shape (pl. 1-B).

Other structures included in group 2 are isolated lobes of sandstone,
often within pelite and around which S, wraps without any crosscutting
relationship (pl. 1-C), and irregular lozenges of fine sandstone strung
out within §; which is developed in the surrounding silty material
(pl. 1-D).

Since S, forms an axial surface structure to the F, mesoscopic folds
and the mullions, it is considered that both folds and mullions formed
at approximately the same time as S,. The sandstone lobes possess sharp
bases and necked, diffuse tops and often occur beneath irregular sand-
stone over pelite contacts. This structure corresponds to the “lobate
bedding” of Hills (1963); similar structures have been described f{rom
the Martinsburg shale by Alterman (1973). Since the sandstone lobes
appear to grade spatially into the mullions, it is suggested that the for-
mer are also syn-S; structures.
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PLATE 1

AC‘l . - - -

Group 2 mesoscopic structures. (A) F, mesoscopic fold deforming bedding (S.)
lamination; S, axial surface foliation trends in a northeast-southwest direction. (B)
Mullion structure. S, trends northeast-southwest; S, trends north-south. (C) Isolated

lobes of sandstone enclosed between S, surfaces; S, trends northeast-southwest. (D)
More irregular lozenges of sandstone enclosed between 8, surfaces.
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PLATE 2

S; morphology. (A) Diffuse, anastomosing layering in homogencous sandstone.
(B) Variation of §; with lithology—anastomosing in sandstone (top and bottom of
photograph); more widely spaced, planar and situated along the short limb zones of
mesoscopic folds in bedding within the silty laminae. (C) Planar layering (northwest-
southeast) along short limb zones of mesoscopic folds in cross-laminated S, (north-
south) within laminated siltstone. (D) Crenulate structure in pelite; S, trends northeast-
southwest, S, northwest-southeast.
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MINFRALOGY AND MICROSTRUCTURE

Sandsiones.—The S, foliation in the sandstones is an irregular,
anastomosing, metamorphic layering defined by relative concentrations
of phyllosilicates {white mica -+ chlorite) and quartz, termed P-layers
and Q-layers respectively. The P-layers are up to about 0.5 mm thick,
are between 0 and 5 to 6 mm apart, and vary considerably in persistence
(pl. 2-A). Folding is absent in the sandstones except within occasional
interbedded coarse siltstone laminae which contain abundant white mica
and chlorite; here the S, foliation changes gradually from the normal
anastomosing type to a more widely spaced, planar type situated along
the short limbs of mesoscopic folds in the siltstone laminae (pl. 2-B).

The Q-layers, within sections both parallel and perpendicular to S,,
are dominated by near-equant, detrital grains of quartz, generally 0.2 to
0.4 mm across, and albite clasts. Most quartz grains exhibit undulose
extinction or deformation bands, while only a few contain deformation
lamellae or subgrains; grain boundaries are either diffuse or have a
corroded appearance, and the detrital grains are surrounded by a mass
of small (<20 pm) grains. Albite clasts occur without overgrowths. The
phyllosilicates within the Q-layers appear to belong to two distinct
groups, distinguished on the basis of size, shape, orientation, and
structure.

1. Coarse (0.05 to 0.4 mm long) white mica, chlorite, and inter-
layered white mica/chlorite (length:width ratios <10:1) are generally
oriented oblique to the metamorphic layering and subparallel to bed-
ding; such phyllosilicates occasionally exhibit undulose extinction or
kinking, and several of the mica grains show pressure fringes (Spry,
1969) of quartz. :

2. Fine-grained (30-60 um long), needle-like white micas {length:
width ratios generally >10:1) are oriented parallel to the gross meta-
morphic layering, cut across the bedding, and occur as single or compos-
ite grains spatially separate from the coarser micas; these mica grains
characteristically exhibit no intracrystalline deformation features. Fur-
thermore, such white mica partially to completely replaces chlorite
within the thin, coarse siltstone laminae interbedded within the sand-
stones.

The P-layers contain the same minerals as the Q-layers, but there
are significant differences in the modal amounts present, in the micro-
structure, and, as will be shown later, in the chemistry of the P-layers
compared to the Q-layers. The following summarizes the compositional
and microstructural diflerences.

1. The quartz and albite contents of the P-layers are reduced by a
factor of 0.3 (table 1 and pl. 3-A).

2. The mica:chlorite ratio is 2:1 or higher in the P-layers compared
to approx 1:1 in the Q-layers (table I).

3. Detrital quartz grain size in the P-layers is reduced within sec-
tions both parallel and perpendicular to S, (pl. 3-A).
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4. Detrital quartz grains display a more elliptical shape (major:minor
axial ratio between 3 and 5:1 compared to between 1 and 2:1 in the
Q-layers) and have a strongly corroded outline in the P-layers, gra%n
long axes being parallel to the S; layering; this difference in quartz grain
shape is particularly striking in sections perpendicular to S, (pl. 3-A).

5. The two groups of phyllosilicates described above can still be
distinguished in the P-layers, but the more equidimensional phyllosili-
cates (group 1) are less well oriented parallel to S,, and indeed several
grains subparallel S,. Furthermore, group 1 phyllosilicates in folded silt-
stone laminae interbedded within the sandstones (as, for example, the
thin laminae in pl. 2-B) follow the S, trace around the fold and, thus,
are rotated in limb areas subparallel to the S; orientation.

6. Group 1 phyllosilicates in the P-layers invariably show evidence
for intracrystalline deformation including kinking and undulose extinc-
tion. Tirich oxide phases are often concentrated along the cleavages or
irregular grain boundaries of the deformed phyllosilicates (pl. 3-B).

7. The P-layers are dominated by needle-like white mica {group 2
described above), oriented parallel to the metamorphic layering, and
discontinuous trains of Tirich phases (pl. 3-C).

Laminated siltstones.—The S, foliation in the laminated siltstones is
a planar and regular, differentiated crenulation cleavage (pl. 2-C). The
P-layers vary from to 2.5 mm up to 1.5 cm thick and are usually <2 cm
apart. The spacing of the P-layers is directly related to the shape of
mesoscopic folds in siltstone laminae, the P-layers being concentrated
along the limb nearer to the fold axial surface in asymmetric folds and
along both limbs in symmetric folds.

Apart from the higher percentage of phyllosilicates in the siltstones
(table 1), their mineralogy is similar to the sandstones. In particular,
both groups of phyllosilicates can still be recognized and occur similarly
to the sandstones; there is, however, abundant needle-like mica (group 2)
in the Q- as well as the P-layers. As in the sandstones the P-layers are

TABLE 1
Modal analyses (determined by infrared analysis) of the
major constituents of the P- and Q-layers within a
sandstone and a laminated siltstone sample

Sandstone Laminated Siltstone
Mineral
P-layers Q-layers P-Tayers Q-layers
Quartz 4343 % 65+3 % 15+3 % 54+3 %
Albite 1043 % 1543 % 443 % 8+3 %
Mica ~20 % ~7 % ~45 % ~18 %

Chlorite ~10 % =5 % ~27 % =13 %
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PLATE 3

Olmm,
A. Contrast in composition, quartz grain size and grain shape between P- (trending
northeast-southwest across the photograph) and adjacent Q-layers. Section perpen-
dicular to the §, layering in a sandstone: Crossed nicols.

- e AL 0 LN
B. Ti-rich oxide phase (dark blebs) occurring within sandstone P-layer and concen-
trated particularly along the cdge of deformed group 1 mica grain: Uncrossed nicols.
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C. Detail of P-layer within sandstone showing deformed group 1 mica (northeast-
southwest trend), needle-like group 2 micas oriented parallel to the layer (northwest-
southeast) and discontinuous trains of Ti-rich oxide phase (dark blebs): Uncrossed
nicols.

D. Domainal microstructure within laminated siltstone P-layer. Dark arcas are
chlorite flakes which together with the group 1 micas trend northwest-southeast; the
group 2 micas trend northeast-southwest, parallel to the gross lavering: Crossed nicols.
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dominated by group 2 micas and discontinuous trains of Ti-rich minerals
oriented parallel to the metamorphic layering. The distinctive features
of the P- and Q-layers within the siltstones are now described.

1. The quartz content is reduced by a factor of about 0.5 to 0.75,
and the albite content by a factor of 0.5 in the P-layers compared to the
Q-layers within the siltstones (table 1).

2. Detrital quartz ranges from 10 to 40 pm in size, while the more
equidimensional, group 1 phyllosilicates are about 50 X 10 um.

3. Within the P-layers there is a characteristic domainal microstruc-
ture (pl. 38-D). The domains, which vary up to 0.1 mm long and 30 um
across in sections perpendicular to S,, consist of group 1 phyllosilicates,
often bent, but generally oriented oblique to the enclosing group 2 mica
orientation which is parallel to S,. Both the domain boundaries and the
edges of the phyllosilicate grains within the domains are irregular; where
group 1 mica and chlorite are interlayered within the domain, the
boundary is recessed into the domain adjacent to the chlorite and pro-
trudes into the enclosing group 2 needle-like mica adjacent to the group
1 mica (pl. 3-D).

4. Group 1 phyllosilicates commonly exhibit undulose extinction
and kinking in both P- and Q-layers.

Pelites.—In hand specimen the S, foliation within the pelites has a
slaty cleavage aspect. However, microscopic examination reveals well
oriented but inhomogeneously distributed needle-like micas which are
concentrated within discontinuous layers parallel to S; (pl. 2-D). On the
coarsest scale, these layers are up to 0.1 mm thick and 0.3 mm apart.
However, the microstructure of the pelites is dominated by mica layers,
perhaps only 2 to 3 grains (up to 10 pm) thick, between which lie varia-
bly oriented and occasionally bent group 1 phyllosilicates (up to 30 X
10 um) with highly irregular boundaries. Thus, the S, foliation in the
pelites is a crenulation cleavage; the microstructure closely resembles
that in the siltstone P-layers.

Veins.—Veins rich in quartz (+ chlorite) and sideritic carbonate are
up to several millimeters thick and show a complex relationship to S,.
Several veins are discordant to S;, while others are either parallel to S,
or deformed by F, mesoscopic folds and strongly cleaved. In many quartz
veins, the individual quartz grains show intracrystalline deformation,
recovery and recrystallization characteristics; such features as undulose
extinction, deformation bands, subgrains, and well formed new grains
are far better developed in the vein quartz than in the detrital quartz
of the host rock.

Interpretation of microstructure.—1. Group 1 mica is pre-S; and is
considered to be detrital in origin, while group 2 mica is metamorphic
and interpreted as syn-S,.

2. Chlorite, which shows the same deformation features as the coarse
group 1 micas, is also pre-S;; there does not appear to be any meta-
morphic chlorite.
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8. The better preservation of detrital grains in the Q-layers and the
contrast in detrital quartz grain size and shape between the P- and Q
layers are inconsistent with differentiation models involving only 'adfh-
tion of quartz and albite to or removal of phyllosilicates from the incip-
ient Q-layers. Models involving more significant removal of quartz and
albite from or addition of phyllosilicates to the incipient P-layers are,
however, consistent with the data.

4. Since it appears to be difficult to leach Ti out of a rock and place
it in solution (see discussion later), the presence of trains of Ti-rich oxide
phases along the P-layers favors removal of more soluble material, such
as quartz and albite, from the incipient P-layers with concomitant con-
centration there of less soluble material as the more important process.
This interpretation is the same as the conclusions reached by Plessmann
(1964), Williams (1972), and Gray (1977) for other such differentiated
cleavages.

5. Highly irregular chlorite and detrital mica boundaries in the P-
layers suggest that both these minerals are unstable there; the relation-
ships within the domainal microstructure of the siltstone P-layers indi-
cate, however, that chlorite is significantly less stable than mica. These
points may well explain the higher mica:chlorite ratio in P- compared
to Q-layers in both Jaminated siltstones and sandstones.

6. The occurrence of corroded quartz boundaries and the absence
of overgrowths on particularly the albite clasts are inconsistent with
significant transfer of material from the P- to the Q-layers; indeed, the
grain boundary shapes suggest limited removal rather than addition of
material in the Q-layers.

7. The oblique orientation and deformation of chlorite and detrital
mica within the domainal microstructure of the siltstone P-layers suggest
that the domains are relic hinges of microfolds in detrital phyllosilicates.
The irregular domain boundaries are thought to correspond to the limb
areas of these microfolds along which occurred marked diffusive activity
with breakdown and removal of the components of chlorite and to a
lesser extent detrital mica; the shape of these microfolds is also obscured
by the concentration of well oriented group 2 mica on their limbs. The
spatial independence of the metamorphic and detrital micas favors
growth of the metamorphic mica parallel to S,, rather than recrystal-
lization of detrital mica.

8. The relationship between the quartz (+ chlorite) and carbonate
veins and S, is consistent with a continuously overlapping sequence of
removal of material [rom the P- and to a less extent the Q-layers and
precipitation of quartz (+ chlorite) and sideritic carbonate in the veins.

9. It is suggested that dissolution reactions between trapped connate
fluid and the various mineral species, on expulsion of this fluid during
the D, deformation, could have effected the bulk transfer of material
inferred from the microstructure of the different mineral species. In the
pelites and laminated siltstones, the solution (and precipitation) activity
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appears to have been most pronounced on the limbs of microscopic and
mesoscopic folds; in the sandstones, solution (and precipitation) activity
is still prominent even though folding is generally absent.
Summary.—The microstructural analysis establishes the complex
nature of the S, foliation. It is not possible for any single mechanism to
explain all the microstructural features. Intragranular deformation of
quartz, breakdown and removal of quartz, albite, and phyllosilicates, and
growth of new mica appear to have been particularly active during for-
mation of §, in the sandstones. Folding of bedding laminae, rotation
and deformation of detrital phyllosilicates within microfolds, breakdown
and removal of quartz, albite, and phyllosilicates, and growth of new
mica are all considered to have been significant processes in the forma-
tion of §, within the laminated siltstones and pelites. Interpretation of
the microstructural data leads to a differentiation model involving pref-
erential removal of material and new grain growth along certain, dis-
crete zones. The situation of these zones is fold-dependent in the lami-
nated siltstones and pelites, but, since folds are generally absent in the
sandstones, such zones exist independent of folding in this lithology.
These zones correspond to the dark P-layers. Removal of material out
of the local system is favored over transfer from P- to Q-layers. This
interpretation gains support when it is considered that the veins of
quartz (= chlorite) and carbonate present within the Clunes metasedi-
ments provide a logical “sink” for the expelled material. In general, the
microstructures testify to the importance of diffusive processes and new
grain growth which both tend to obscure the effects of mechanical re-
orienting processes, particularly the rotation of detrital phyllosilicate
grains within the laminated siltstones and pelites. Dissolution of mate-
rial in trapped connate fluid is suggested to be the most likely material
transfer mechanism acting during the protracted D, deformation.

CHEMICAL AND VOLUME CHANGES DURING §; FORMATION

Analytical procedure—P- and Q-layer material from 5 sandstone
and 7 laminated siltstone samples were extracted using a small diamond
wheel attached to a dental drill. Major and minor elements and the
trace elements Y and Zr were analyzed using a Siemens single channel
X-ray {luorescence spectrometer SRS-1. All elements, except Na, Y, and
Zr which were analyzed using pressed powder pellets, were determined
on lithium borate glass discs prepared from powdered samples, follow-
ing the method described by Norrish and Hutton (1969). Y and Zr con-
tents were calculated by comparison with U.S. Geological Survey Rock
Standards. Individual whole rock analyses are available on request [rom
either MBS or M]G.

Results.—Average chemical compositions of the P- and Q-layers
within the 5 sandstone and 7 laminated siltstone samples are shown in
table 2 (columns 1 to 4). Except for Si, Na, and possibly Mn, the P-layers
are richer in all elements, and the enrichment [actors (table 2, column 5)
lie in the order K>Ti>Y>Zr>Al=Mg>Fe=P>Ca>Mn>Si>Na.
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Except for K the enrichment factors are highest for the elements Ti,
Y, Zr, Al, and, particularly in the laminated siltstones, the values for
these four elements are consistent with one another. K is sited exclu-
sively in white mica, most of which belongs to the group 2 metamorphic
category. As will be shown later, these micas are cation deficient in the
12-fold coordination site; in particular, there are between 1.56 and 1.93
K+ ions (avg = 1.706). It appears likely, then, that all the available K n
the ambient pore fluid was fixed in the new micas, whether in the P- or
the Q-layers, and that K did not leave the system during S; formation.
Studies of the relative mobility of species show that Ti and Al, in par-
ticular, occur in very low concentrations in natural hydrothermal waters,
indicating that leaching of these elements is exceptionally slow com-
pared to other species, while K occurs in quite high concentrations (see,

TABLE 2
Average chemical analyses of the P- and Q-layers
within 5 sandstone and 7 laminated siltstone samples

Qlayors  Enrichont  Nor o84 pEro; Wo. of g Tout

o o feeter % por 100 g. rock & Les
5.0 s.p. (PTTYEs) s g

) 2 3 3 5 6 7 g g 19
510, 62.27 0.72  76.56 1.68 0.22 69.86  176.60 -104.14 -45.92 -60
Ti0, 0.90 0.18 0.44 0.06 2.05 1.60 1.00 - - -
AI,0, 17.52 ©.95  10.88 1.13 161 19.¢7 24.73 -5.26 -2.31 -21
Fup0y 517 0.73 3.54  0.44 1.46 5.74 -2.31 -1.02 -29
0 0.04 0.04 0.04 0.03 1.00 0.04 -0.05 -0.02 -3
1g0(2) 316 0.36 1.87  6.49 1.69 3.51 -0.74 -0.37 By
Ci0 0.33 0.06 0.24 0.03 1.38 0.37 0.55 -0.18 -0.08 -33
,003)  1.20 0.17 1.8 0.40 0.64 1.33 4.27 2.9 -1.29 -£3
K,0 4.43  0.53 2.02 0.43 2.19 4.92 4.59 40.33 £6.15 +7
PO, 0.23 0.05 015 0.02 1.53 0.6 .33 -0.08 -0.04 27
Less 5.50  0.40 3.3 0.52 1.65 6.11 759 -1.48 -0.65 25
Tetsl 101.35 100.96
¥ (3) 52 5 28 5 1.86 0.0058  0.0064 -0.0606 -0.0003 -1
7r (3) 254 65 156 21 1.69 0.0282  0.0341 -0.0059 -0.0026 -7
5i0, 5150 2.67  69.40 3.42 -77.29 -40.96 -9
110, 0.96 0.1 0.53 0.09 - - -
A1,0, 22.65 1.05  13.52 1.83 -1.62 2101 -8
Fe,0,° 8.28 0.93 6.00 0.92 -2.70 -1.43
"o 0.06  0.04 0.08 0.07 -0.09 -0.05
1g0 3.9 3.59 2.49 6.3 -0.60 -6.32
€0 0.22 .08 0.22 0.03 -0.19 -6.10
tis,0 0.5 0.17 121 003 -1 -0.91
K,0 &6.26 0.5 2.88 0.4 +1.09 +0. 58
P50 0.16  6.03 0.13 0.02 -0.08 -0.08 -3
Loss 553 1.09 3.52 0.80 -0.88 -0.47 -13
Totsl  106.11 92,98
¥ (6) 59 8 35 3 1.69 0.0067  0.0066 -0.0605 -0.0003 -9

Zr (6) m 37 102 23 1.68 Q.0178 0.0192 -0.0014 -0.0007 -7

* Total Fe calculated as Fe.O,.
When number of values used to calculate average differs from that stated, the
number used is shown in brackets next to the element concerned.

Major and minor elements in wt percent, Y and Zr in ppm.
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for example, Helgeson, 1967). Studies of the behavior of the elements
Ti, Y, and Zr during low-grade metamorphism of basaltic rocks (Cann,
1970; Pearce, 1975) confirms the relative immobility of Ti and shows
that the trace elements Y and Zr are likewise stable. These considera-
tions favor the interpretation that the significant concentration of the
elements Ti, Y, Zr, and Al in the P-layers is due to their relatively low
mobility, and they were enriched there due to the removal of other more
mobile material, while the high enrichment factor for K is, indeed, due
to a small addition of K to the P-layers during S, formation. Since Ti
shows the highest enrichment factor of the elements Ti, Y, Zr, and Al,
for the purpose of the following discussion it will be assumed that this
element was completely conserved. Interpretation of the microstructure
in the Q-layers does not favor significant transfer of the material lost
from the P-layers to the adjacent Q-layers with concomitant volume
increase there. The working hypothesis that the material lost from the
P-layers has lelt the local system is, therefore, adopted.

The number of grams of each oxide per gram of TiO, in the P- and
Q-layers is presented in columns 6 and 7 of table 2 respectively. On the
basis that Ti neither left nor was added to the system and working with
the hypothesis above, these figures “correct” the analyses of the P-layers
to the values they would have assumed had there been no volume de-
crease due to removal of material. The difference between the values in
these columns allows a quantitative estimate to be made of the loss of
material during formation of the P-layers, relative to the composition of
the Q-layers (table 2, columns 8, 9, and 10).

On a percentage basis and combining the figures for both lithologies,
there appears to be highly significant (>40 percent) losses of Na, Si, Mn,
and Ca, smaller (in the range 15 to 40 percent) yet significant losses of
P, total Fe, volatiles, Mg, and Al, minor (<15 percent) losses of Zr and
Y, and minor (<15 percent) addition of K during P-layer formation.
Since the losses are calculated relative to the composition of the Q-layers
where, as stated above, the microstructure also suggests some volume
decrease during formation of S;, the values are minimum estimates for
the actual losses involved.

Chemical changes in relation to mineralogy, microstructure, and
lithology—The substantial loss of Na is consistent with a model involv-
ing greater dissolution of albite within the P-layers. Thus, in the sand-
stones, the calculated loss of Na is greater as more albite appears to have
been available for dissolution. The highly significant loss of Si is con-
sistent with the proposed dissolution of quartz in the P-layers; however,
other phases (for example, albite, chlorite, white mica) may also have
contributed considerable amounts of Si on breakdown. The loss of Fe
and Mg, in particular, is compatible with dissolution of chlorite, al-
though small amounts of Fe may have been supplied {rom the break-
down of sideritic carbonate, a reaction predicted from the substantial
loss of Ca from the P-layers.
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Al is not specific to any particular mineral; it would have been in
abundant supply in a varjety of original phases in the rock, including
albite, chlorite, detrital mica, and, perhaps most important of all, matrix
clay minerals. It can be calculated, however, that the observed loss of Al
from the P-layers is less than the expected loss if the Al freed by the
breakdown of albite and chlorite had all left the system. If detrital mica
and matrix clays were also dissolving and potentially able to supply Al,
then it is clear that Al largely remained in the rock and entered some
new phase; the obvious place is the group 2 metamorphic micas which
dominate the P-layers. Addition of K implies that this element was
available in the pore fluid; the ready supply of Al in the rock allowed
production of group 2 mica in considerable quantity. Minor loss of Al
from the system and deficiency of K+ ions in the 12-fold coordination
site of the group 2 micas indicate that the availability of K in the pore
fluid was the critical factor controlling the amount of group 2 mica
actually produced.

Summary and estimate of volume loss during S, formation.—Consid-
eration of the comparative bulk chemistry of the P- and Q-layers in the
light of studies on the relative mobility of different species indicates that
Ti (and to a lesser extent Y, Zr, and Al) was concentrated in the P-layers
due to the removal of more mobile material (particularly Na, Si, Mn,
and Ca), while a small amount of K was, indeed, added to the P-layers.
On the basis that Ti was completely conserved and, as seems likely from
the microstructural evidence, material migrated out of the local system
rather than into adjacent Q-layers, estimates of the amount of K added
and other elements lost (minimum values) during P-layer formation,
relative to the composition of the Q-layers, have been made. This anal-
ysis predicts highly significant (>40 percent) losses of Na, Si, Mn, and
Ca, smaller losses (15 to 40 percent) of P, total Fe, volatiles, Mg, and Al,
minor losses (<15 percent) of Zr and Y, and minor (<15 percent) addi-
tion of K. Dissolution of albite, which exclusively sites the Na in the
rock, and quartz, which mainly accounts for the Si, are consistent with
the chemical data. Since K is sited exclusively in the white mica, which
dominates the P-layers, it is inferred that a small amount of mica has
also been added to the P-layers. Thus, the chemical data support the
interpretation from the microstructural data that the S, layering formed
mainly by removal of more mobile material, such as albite and quartz,
from the incipient P-layers, while at the same time showing that a small
amount of mica was also added to the incipient P-layers.

Since it is estimated that the P-layers occupy an average 10 to 20
percent of the rock volume, and the Ti values indicate a volume loss of
about 50 percent during formation of a single P-layer, then the volume
loss related to removal of soluble material during P-layer formation is in
the order 10 to 20 percent of the original rock volume. This is a mini-
mum estimate for the total loss in volume during S, formation, since
there was probably some volume decrease due to removal of material
from that part of the original rock that is now occupied by the Q-layers.
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PHYLLOSILICATE CHEMISTRY—A CASE FOR THE
KINETIC CONTROL OF DIFFUSIVE PROCESSES

Analytical procedure—Micas and chlorites were analyzed in carbon-
coated thin sections with a Jeol JXA-5A electron microprobe using a
slightly defocussed beam, where possible, to avoid volatilization of Na
and K. Analyses of 69 micas and 18 chlorites are available from MBS on
request. Analytical data are displayed in graphical form in figures 2 to 7;
averages are listed in table 3.

Mica chemistry.—The compositions of the white micas have been
recalculated in terms of three theoretical end-member components (H.
W. Nesbitt, personal commun., 1975). The general formulae of these
components are Al,Si;O,,(OH), (pyrophyllite component), X, ,Al,(S1,Al,)
O,(OH); (mica component), and X, (Y,,Al)Si;0,,(OH), (phengite
component), where X represents cations in the 12-fold coordination site
(0 in the case of pyrophyllite; 4 monovalent or 2 divalent cations in the
case of mica; 2 monovalent or 1 divalent cation in the case of phengite),

TABLE 3
Average chemical analyses of white micas and
chlorites within P- and Q-layers

Group 1 Detrital Mica Group 2 Metamorphic Mica Chlerite
P-layers Q~laysrs P~layers Q-layers p-layers Q-layers
Maan . Maan Mean Mean 5.0, Maan 5.0. Maan 5.0,
(1) %0 () 50 oy Sy (0 (11)
5ig. 48,84 1.66 48.12 Z2.68 50,10 1.16 50.43 1.21 25,93 1.11 28,67 0,62
2 .
Ti0. 0.38 0.17 0.40 0,24 0.386 0,17 u,34 g.18 0.1 .10 .18 Ul30
2 .
Al 03 29,35 2.33 30.74 3.03 27.80 1.24 27.40 1.38 22.34 2,78 19.76 0.41
2
FeO* 2,63 0.61 2,42 0.92 3.25 0.63 3.14 u.81 25.78 2.14 27.35 .92
Mn0 .02 0,02 0,02 0.02 0.02 G.02 0.02 0,01 0,17 0.07 0,26 0.04
Mgl 2.13 0,77 1.63 G.69 2,64 0,33 2,24 0.36 12,09 0.79 12,78 0,43
CaC 0.00 .00 G.00 0.0 Q.00 8,00 0.00 2.00 0.u0 0,00 .00 0.00
Bal G.17 0.08 0.16 0.05 0.12 0.02 0,07 0.us a.oc G.00 0.0u 0,40
Na, 0 0,24 0.13 a.38 0.21 0.11 0,07 0.26 0.21 0.01% 0,02 0.03 0.03
2
K,0 10.41 0,53 10,33 0.45 9,94 0,48 8.84 0,43 0.28 .22 0.06 0,04
2
Total 94,17 94,20 94,34 93,74 86,71 86.0%
Ions per formula unit calculated on the basis of 22(0) for micas and 28(8) for chlorites
i 6.76 6,83 5.52 5.58
51 &.61 }B ou 851 }e.ou }B.OO 7}s.uu g 8% a2 8.00
390 1.49 1,24 1.1 . .
Aler !
ALDCT 3.29 3.41 3.18 3.21 3.13 2.64
Ti 0,04 0,04 0.04 c,04 0,02 0,063
Fe* 0,30 74.06 0.27 24.05 0,37 %4,12 Uu36 24,06 4,58 4.97
Mn - - - - Ue03 0.05
0.33 0.53 0.45 3.84 4,14
" o . 11.70 11.86
Ca - - - - - -
Ba 0.01 0.01 8.om - - -
1.87 1.89 1.75 1.77
Na 0.06 0.10 0,03 0.07 0.01 0.01
K 1,80 1.78 171 1.70 0,08 0.02]

* Total Fe calculated as T'eO(Fc™).
All elements in wt percent.
Number of analyses shown in brackets at head of each column of analyses,



and chemical aspects of metamorphic layering development 147

and Y represents cations substituting in two octahedral sites (2 divalent
or 1 tetravalent). The particular situation of interest here is where
X = K+, Y = Fez+, Mg+, Mn2+, or Ti¢+, and only Al-Si substitution
occurs in the tetrahedral site. The composition fields of various common
white micas in this system are illustrated in the ternary plot (fig. 2, left
triangle). The average compositions of the group 1 (detrital) and group
2 {metamorphic) micas in both P- and Q-layers are given in table 3.

A plot of all the Clunes micas on the ternary diagram (fig. 2, right
triangle) shows a large spread within the phengite field, indicating dom-
inant cation substitution in the octahedral and tetrahedral sites. This
characteristic allows the mica chemistry variation to be expressed suc-
cinctly in terms of the mole percentage of phengite component (abbre-
viated to phengite component here).

A frequency distribution diagram (fig. 3A), employing this param-
eter separately for the detrital and metamorphic micas, indicates the
wider range in chemical composition of the former and the tendency
for the latter to lie at the more phengitic extreme of the detrital mica
range; these characters are also illustrated in the standard ternary plot
(fig. 3B). Whereas group 1 micas spread in composition from below 15
to 50 percent phengite component, group 2 micas lie in the range 32 to
51 percent with two thirds lying between 35 and 45 percent phengite
component. On the present data, the two groups of micas are chemically

Phengite

Phengite Component
le‘Fe'MgM‘]zst'aodeH)L ’ Kznxzs«eozdowll

Prnengite
V-2 substhton)

Sericite

Micu

Pyrophyllite Iilite ¥
Cormponent Muscovite Mica qumponent
141, 53, 0, f0k)) (K 21 (54 21 10,40, ]

Fig. 2. Left triangle—chemical variation in white micas, where K occupics the
12-fold coordination site, Fe-Mg—Mn-T1 substitution occurs in the octahedral site, and
Al-Si substitution occurs in the tetrahedral site. Chemistry expressed in terms of 3
end-member components (H. W. Nesbitt, personal commun., 1975).

Right triangle—variation in chemical composition of white mica from Clunes.
Phengite component is calculated first by allotting all Fe-Mg-Mn-T1i to this compo-
nent and balancing (K+Na), Al, and S8i accordingly. Mica component is calculated
second by allotting all remaining (K+Na) to this component and bhalancing Al and Si
accordingly. Pyrophyllite compouent is calculated last by allotting remaining Al (or Si)
to this component and balancing Si (or Al) accordingly.
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distinct below the 30 percent phengite component level. These facts
support the separation of the different micas on structural criteria.

The tendency for group 1 and 2 mica compositions to converge may
be explained in two ways.

1. The detrital micas vary intrinsically in composition, and conver-
gence toward the metamorphic mica composition range is coincidental.

2. The pre-metamorphic composition of the detrital micas was fairly
uniform and close to muscovite, but during metamorphism they at-
tempted to equilibrate with the ambient pore fluid and thus approached,
with a variable degree of success, the more phengitic composition of the
metamorphic micas; this involved substitution without destroying the
muscovite structure of Fez+, Mg*+, and Sit+ for AI3-+.

Figure 4 shows there is a wide range in the TiO, content of the
detrital micas that are low in the K,(Fe,Mg,Mn),Al,Si;O,,(OH), compo-
nent. However, as this component increases, there is convergence of the
TiO, content of the micas to low values. This can be explained by in-
voking some initial variation in TiO, content within the detrital micas
which, during deformation and metamorphism, tends to be eradicated as
the Ti*+ migrates out of the TiO,rich micas and enters some new
boundary phase. Two possible mica alteration paths are indicated sche-
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Fig. 8. (A) Composition (mole percent phengite) distributions of group 1 and
group 2 micas.
(B) Composition of group 1 (left triangle, dots) and group 2 (right triangle,
squares) micas.
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matically in figure 4; paths 1 and 2 apply to detrital micas with initially
high and low TiO, contents respectively. This explanation is consistent
with the observation that Tirich oxide phases are often concentrated
along the cleavages or at the edges of detrital micas, and often such Ti-
rich trains help to define the S, cleavage. Thus, the detrital micas do
appear to have changed composition during deformation and metamor-
phism suggesting that the second hypothesis above is the more reasonable,
and the group 1 micas were initially close to muscovite in composition.

Whereas the metamorphic mica average composition (42 percent
compared with 40 percent phengite component) and composition range
(33 to 48 percent compared with 32 to 51 percent phengite component)
are similar in the P- and Q-layers respectively (fig. 5), the detrital micas
show certain differences in composition between the metamorphic layers
{(fig. 6). In the P-layers only 3 of the 16 micas analyzed have less than 30
percent phengite component, and 50 percent of the analyses are in the
40 to 45 percent range. The Q-layer detrital mica compositions are, how-
ever, more evenly dispersed over the total range in mica compositions,
with 50 percent of the analyses falling below the 30 percent level. Since
the metamorphic micas show similar compositions in the P- and Q-layers,
it can be inferred that the composition of the fluid from which they pre-
cipitated was of similar composition in both layers. Thus, it is concluded
that, although it was thermodynamically feasible for the detrital musco-
vites to reach equilibrium with an ambient fluid of similar composition
in both layers, complete equilibrium has not been attained in either
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Fig. 4. Change in TiO, content of group 1 micas in both P- (dots) and Q- (open
circles) layers with increasing content of the component K.(Fe,Mg,Mn).ALSi;Ox(OH),;
possible mica alteration paths are indicated by the arrows—for explanation see text.
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layer but appears more advanced in the P- compared to the Q-layers.
In other words, the rate of the chemical reaction

muscovite + 0-2(Fe,Mg)*+ + 0-2Si*+ — phengite + 0-4 A3+

is promoted in the P- compared to the Q-layers, such that in the P-layers
the composition of the detrital micas more closely approximates that of
the metamorphic micas.

Two important stages involved in the reaction are:

1. migration of ionic species through the detrital muscovite lattice;

2. migration of ionic species toward and away from the detrital

muscovite lattice.

Any processes that promote ionic transfer during these stages would
clearly assist the reaction cited above. Both stages are now considered in
more detail. The analysis that follows employs Fick’s Ist and 2nd laws
of diffusion for the steady-state (concentration gradient constant) and
non-steady-state (concentration gradient not constant) situations respec-
tively;

Jm = —_D a_C

dt ox
and

dc - D 03¢

ot 0x2

where m is a quantity of matter transferred through unit cross section
in unit time, ¢ is concentration, t is time, x is distance, and D is the
diffusion coefficient.

If the diffusion of a particular jon through a detrital muscovite is
considered in both P- and Q-layer situations, it is apparent from the
equations above that, whether a steady-state or non-steady-state condi-
tion is assumed, the variables determining the concentration of that

Phengite Phengite

Pyro-
ph))//lhte Mica

Fig. 5. Composition of group 2 micas in P-layers (left triangle, full squares) and
Q-layers (right triangle, open squares).
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ionic species at any comparable reference point in the two micas (lor
example the center of the grain) are:

1. the concentration of the jonic species on the edge of the musco-
vite, that is, the concentration of the species in the ambient pore fluid;

2. the size of the muscovite, that is, the distance over which diffusion
has operated;

3. the time over which the diffusion process has operated;

4. the value of the diffusion coefficient, that is, the diffusivity of the
particular muscovite grain.

It has already been inferred that the pore fluid had approximately
the same composition in the two layers. Furthermore, the size of the
detrital muscovites and the time over which diffusion has operated are
similar in both layers. Thus, as far as intra-muscovite diffusion is con-
cerned, only a higher diffusion coefficient in the P-layer detrital musco-
vites would promote the chemical reaction, cited above, in the P- com-
pared to the Q-layers.

In this regard, it is recalled that the P-layer detrital muscovites are
conspicuously more deformed than their counterparts in the Q-layers.
An increase in ionic diffusivity related to zones of increased intra-crystal-
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Fig. 6. (A) Composition (mole percent phengite) distributions of group 1 micas
in P- and Q-layers. The composition distribution of all 33 group 2 micas is included
for reference.

(B) Composition of group 1 micas in P-layers (left triangle, dots) and Q-layers
(right triangle, open circles).
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line deformation has been described by White (1975) for naturally de-
formed and partially recrystallized oligoclase, and this phenomenon is
also known in metals (Cohen, 1970). Thus, it is suggested that increased
diffusivity within the detrital muscovites of the P-layers is attributable
to their more deformed character.

On the basis that Ti was completely conserved and concentrated in
the P-layers due to more significant removal of mobile material from
these layers, it can be shown that more fluid passed through the P- com-
pared to the Q-layers. Enhanced fluid flow along the P-layers would
favor easier transfer of ionic species toward and away from P-layer de-
trital muscovites. Furthermore, the volume loss implicit in P-layer for-
mation would effectively decrease the distance over which ions would
have to be transferred before encountering an unaltered muscovite grain.
Both these factors would promote the reaction cited above in the P-
compared to the Q- layers.

The above arguments suggest that ionic transfer both wthin and
between detrital muscovite grains is promoted in the P- compared to the
Q-layers.

Chlorite chemistry.—The Sit+ necessary [or the conversion of mus-
covite to phengite would have been readily available in the pore fluid
due to dissolution of various detrital silicates, in particular quartz. How-
ever, the source for the Fe?+ and particularly the Mg?+ would have been
the chlorite.

Microstructural considerations suggest the dissolution of some chlo-
rite, particularly in the P-layers. The arguments below also imply signifi-
cant changes in the composition of the P-layer chlorites, chemical changes
that lead, in particular, to the release of Ie?+ and Mg?+.

Figure 7 summarizes the compositional variation in the chlorites
using the parameters Alppr/Si and Alger/Fe-+Mg to specify individual
chlorite compositions (average chlorite compositions from both P- and
Q-layers are shown in table 3). Whereas the Q-layer chlorites are rela-
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Fig. 7. Variation in composition of the pre-S; chlorites. P-layer chlorites are rep-
resented by a dot, Q-layer chlorites by an open circle.
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tively well clustered, the P-layer chlorites are widely dispersed and are
identified by higher Alger/Fe+Mg values and more extreme Alppp/Si
values. The fact that the chlorite chemistry is different in the P- and
Q-layers suggests that chemical changes induced during deformation and
metamorphism are responsible rather than variation in the pre-meta-
morphic composition of the chlorites.

The larger compositional field of the P-layer chlorites is interpreted
in terms of their greater “alteration” compared to the Q-layer chlorites.
The marked tendency toward higher Alger/Fe+Mg values is consistent
with diffusion of Fez+ and Mg?+ out of the chlorite lattice.

Besides dissolution and ion exchange reactions, a few chlorites are
partially to completely pseudomorphed by small metamorphic phengites
(group 2 micas). Such replacement has only been noted in thin siltstone
laminae interbedded in the sandstones. A reaction similar to that given
below is envisaged:

4Mg,Fe SiAl;0,,(OH), + 11Si4+ + 85K+ + 4H+
chlorite

— 5K, ;Mg, .Fe, ;Si;Al,O,,(OH), + 13.5Mg*+ + 17.5Fe*+ +24H,0
phengite

The chlorite composition quoted here is the average of the Q-layer chlo-
rites shown in figure 7, the phengite composition is the average meta-
morphic mica composition (see table 3), and the equation has been bal-
anced assuming static AI*+. The ionic charges on each side of the equa-
tion do not exactly balance, as the chlorite and phengite compositions
employed are not ideal.

Summary.—Ion exchange reactions between pre-S, phyllosilicates
and the ambient pore fluid during D, deformation and metamorphism
explain the chemical heterogeneities of the detrital muscovites and pre-S,
chlorites. By the substitution of Fe*+, Mg+, and Si*+ for Al*+, musco-
vite tends toward the metamorphic phengite composition; loss of Fe?+
and Mg+ and enrichment in A+ are apparent in the chlorites. Com-
plete chemical equilibrium between the detrital muscovites and the am-
bient pore fluid, which had approximately the same composition in
both P- and Q-layers, has certainly not been achieved. However, the
equilibrium situation is more advanced in the P- compared to the Q-
layers. Considerations relating to why the rate of such chemical reactions
are promoted in the P-layers are far more important than unqualified
thermodynamic arguments.

Increased diffusivity of ionic species within detrital muscovite as
well as easier migration of ionic species toward and away from such
grains are both favored in the P- compared to the Q-layers. It is sug-
gested that the more deformed nature of the P-layer detrital muscovites
is the factor controlling more rapid intra-muscovite diffusion. Enhanced
fluid flow along the P-layers and the volume loss implicit in their for-
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mation are the favorable circumstances leading to easier transfer of ionic
species toward and away {rom P-layer detrital muscovites.

DISCUSSION

A model for the development of the S, foliation in the Clunes meta-
sediments, consistent with the structural interpretation and the conclu-
sions from the whole rock and phyllosilicate chemical data, is given
below. It is suggested that the foliation formed by a complex interaction
of mechanical and chemical factors.

Within the sandstones the strain was largely taken up by intra-crys-
talline deformation of individual quartz grains and the flattening and
linking of preexisting pores giving rise to increased permeability. Since
folding is absent, the linking pattern of deformed pores will be related
to the sandstone packing characteristics prior to initiation of the D,
strain. In the more anisotropic laminated siltstones and pelites the D,
strain gave rise to folding of bedding laminae, rotation and bending of
detrita] phyllosilicates, as well as flattening and linking of pores. Reorien-
tation of quartz-phyllosilicate grain boundaries and pore shape changes
both assisted in increasing the permeability of these rocks, particularly
along the limb zones (high strain areas?) of folds in bedding and pre-S,
phyllosilicate microfolds; in asymmetric structures the effect was largely
confined to the limb nearer to the fold axial surface, while in symmetric
structures both limbs appear to have been susceptible to permeability
enhancement. The net result is a diffuse, rather closely spaced pattern of
high permeability zones in the sandstones and a more regular system of
planar zones in the laminated siltstones and pelites, the spacing between
which is determined by the half wavelength of the mesoscopic and micro-
scopic folds. Such zones provide the most convenient path for any con-
nate fluid trapped in the sediments—particularly the pelites—to escape
and in this sense they are equivalent to the “channel-ways” of Williams
(1972). The P- and Q- layers correspond to the zones of relatively high
and low permeability respectively, and, thus, the contrast in S, morphol-
ogy between the sandstones, laminated siltstones, and pelites is ultimately
related to original differences in anisotropy between the different li-
thologies.

Chemical interaction between sediment and pore fluid expelled
during the D, deformation occurred throughout all the rocks, but the
effects of the chemical reactions are far more pronounced along the re-
latively high permeability zones; in particular, the rate of ion exchange
reactions is promoted along such zones due both to increased diffusivity
of ionic species within and between pre-S; mineral grains. Specific chem-
ical reactions include:

1. dissolution of detrital quartz, albite, and probably pre-S, white
mica, early diagenetic sideritic carbonate and pre-S; chlorite of uncertain
origin;

2. ion exchange between the pore fluid and the pre-S; phyllosili-
cates leading to the in situ conversion of muscovite to phengite and the
development of Al-rich chlorites;
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8. occasional replacement of chlorite by fine-grained phengitic mica;

4. precipitation and growth of new phengitic mica in a strong pre-
ferred orientation parallel to the metamorphic layering.

Provision of cations to the ambient pore fluid via the dissolution
reactions (1) leads to the jon exchange and replacement reactions (2 and
3) as the remaining pre-S; phyllosilicates attempt to attain equilibrium
with the pore fluid. The principal reaction is the removal from the fluid
of i, K, and to a less extent Fe and Mg and combination with Al readily
available in the rock to form the new metamorphic micas with phengitic
composition (reaction 4). However, highly significant quantities (=40
percent) of Na, Si, Mn, and Ca, smaller amounts (15 to 40 percent) of
P, total Fe, volatiles, Mg, and Al, and minor (<15 percent) amounts of
Zr and Y appear to have been lost from and a minor (<15 percent)
amount of K appears to have been added to the system during formation
of the P-layers. A minimum estimate for the total loss in volume during
S, formation lies in the range 10 to 20 percent of the original rock vol-
ume. Thus, although the differentiation of the Clunes sediments into P-
and Q-layers is initially related to the establishment of relatively high
and low permeability zones, the present character of the layers is deter-
mined by the more pronounced chemical changes that occurred along
the high permeability zones.

It is suggested that the preferred orientation of the metamorphic
micas resulted from an orientation-dependent growth mechanism, involv-
ing both the anisotropic supply of constituent material to the faces of
newly precipitated mica grains and the anisotropic growth rate of mica
crystals (Etheridge, Paterson, and Hobbs, 1974). This mechanism is fa-
vored, since, by definition, it incorporates the permeability of the system
following the onset of strain as a vital consideration.

Material transported out of the local system is thought to have been
precipitated largely in the quartz (* chlorite) and carbonate veins which
transect the Clunes metasediments. The complex relations between such
veins, the S, layering and the F, mesoscopic folds, indicate that there is
no straightforward time sequence in the operation of the various pro-
cesses discussed above. After some initial strain increment, fluid migra-
tion, dissolution and precipitation of material, ion exchange reactions,
and vein formation proceeded synchronously with subsequent strain
increments.

The following considerations are of [undamental significance in the
foliation model.

1. The dark P-layers, with their varied morphology in different
lithologies, correspond to zones ol relatively high permeability estab-
lished during the D, deformation. The situation of the P-layers is fold-
dependent in the laminated siltstones and pelites, but they exist even
though folding is absent in the sandstones.

2. Substantial loss of material from the P-layers, particularly silica
due to the dissolution of quartz, as well as minor addition of mica to the
P-layers are both required. Interpretation of the Q-layer microstructure
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suggests that there was no significant transfer of the material lost from
the P-layers to the adjacent Q-layers; it appears instead that this mate-
rial largely moved out of the system via the high permeability zones,
leading to a net loss in volume during formation of §,.

3. The same ion exchange reactions in phyllosilicates occurred in
both P- and Q-layers, but the rate of such reactions was substantially
faster along the P-layers.

Thermodynamic considerations (see review by Paterson, 1978) pre-
dict migration of material along chemical potential gradients established
in response to gradients in applied stress. Such considerations are funda-
mental to the concept of pressure solution, defined by Voll (1960) as
differential solution and redeposition in a stressed aggregate. Further-
more, several authors, including Plessmann (1964), Durney (1972), Wil-
liams (1972), Groshong (1975), and Cosgrove (1976), have discussed the
role of pressure solution in the formation of cleavage surfaces. Stress
gradients undoubtedly would have existed between the limb and hinge
zones of developing folds in the laminated siltstones and pelites of the
present study. Variation in the mean principal stress at grain contacts
within such folds may well have been an important factor in determin-
ing sites of preferentially high solution in the laminated siltstones and
pelites. However, the irregular, anastomosing nature of the S, foliation
in the more homogeneous sandstones requires, applying the same model,
that the mean principal stress at grain contacts shows considerable and
highly localized, irregular fluctuations. The question arises whether the
variations in mean principal stress at grain contacts are sufficiently high
and sufficiently local in scale to explain the highly significant miner-
alogical and chemical differences between the P- and Q-layers.

It has been demonstrated in the Clunes sediments that the rate of
ion exchange reactions was faster along the P-layers, and it is considered
that enhanced fluid flow along such layers was an important factor con-
tributing to the rate increase. It is suggested that the dissolution and
mica precipitation reactions, which like the ion exchange reactions oc-
curred in both P- and Q-layers, also proceeded at an increased rate in
the P-layers due to the greater passage of fluid along these layers. In this
model differentiation of the Clunes sediments into dark P- and light
Q-layers is thought to be related to an increase in the rate of dissolution
and mica precipitation reactions along high permeability zones, the
incipient P-layers. Such a model, being intrinsically dependent on perme-
ability factors, is applicable equally well to the formation of P-layers in
both the sandstones and the more anisotropic laminated siltstones and
pelites. However, there is nothing in this model that precludes that
pressure solution effects are occurring at the same time,

SUMMARY
1. The S, foliation, a metamorphic layering in the sandstones and
a differentiated crenulation cleavage in the laminated siltstones and
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pelites, formed by a complex interaction of mechanical and chemical
processes.

2. Intragranular deformation of quartz, pore shape changes, and
solution-mica precipitation reactions, particularly along preferential
zones, are thought to have been significant processes in the formation of
S, in the sandstones.

3. Folding of bedding laminae, rotation and deformation of pre-S,
phyllosilicates, pore shape changes and solution-mica precipitation re-
actions, particularly along meso- and microfold limb zones, appear to
have been important in the formation of S, in the laminated siltstones
and pelites.

4. The domainal microstructure, conspicuous in the siltstone P-
layers, is interpreted as relic hinges of microfolds in pre-S; phyllosilicates.
The microfold shape is obscured due to dissolution and removal of,
particularly, chlorite, and the growth of new, fine-grained mica along
the microfold limbs.

5. The zones along which solution-mica precipitation reactions were
prominent are considered to correspond to zones of relatively high per-
meability established during the early stages of the D, deformation. It is
suggested that dissolution of material occurred in trapped connate fluid
as it was expelled along the high permeability zones during the pro-
tracted D; deformation. Such high permeability zones are represented
now by the dark, phyllosilicate- and Ti-rich P-layers; the light, quartz-
rich zones, where solution-mica precipitation reactions were not as prom-
inent, correspond to the Q-layers.

6. Ti and to a lesser extent Y and Zr (and Al) appear to have been
concentrated in the P-layers due to the removal of more mobile material
during formation of the metamorphic layering. Highly significant (>40
percent related to the composition of the Q-layers) losses of Na, Si, Mn,
and Ca and smaller (15 to 40 percent related to the composition of the
Q-layers) losses of P, total Fe, volatiles, Mg, and Al are indicated during
formation of the metamorphic layering. Breakdown and dissolution of
albite, quartz, pre-S; chlorite, diagenetic carbonate, and probably also
pre-S; white mica are consistent with this data.

7. A small amount (<15 percent related to the composition of the
Q-layers) of K appears to have been added to the P-layers during [orma-
tion of the metamorphic layering. Since K is sited exclusively in the
white mica, which dominates the P-layers, it is apparent that there was
a small addition of mica to the P-layers. Availability of Al in the rock
(matrix clay minerals, detrital mica, et cetera) and K in the pore fluid
allowed production of group 2 metamorphic mica in considerable quan-
tity. Since a small loss of Al did occur and the group 2 micas show
deficiency of K+ ions in the 12-fold coordination site, it is inferred that
the availability of K in the pore fluid was the critical factor controlling
the amount of group 2 mica actually produced.
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8. Material lost from the P-layers is thought to have been trans-
ported out of the local system and to have been deposited in quartz
(#+ chlorite) and carbonate veins which transect the Clunes metasedi-
ments. A minimum estimate for the total loss in volume during S, for-
mation is 10 to 20 percent.

9. The new group 2 micas, at equilibrium with the ambient pore
fluid, are similar in composition in both P- and Q-layers, suggesting that
the composition of the fluid was the same in both layers. The new micas
are conspicuously phengitic, that is, richer in Si, Fe, and Mg compared
to the detrital micas. It is suggested that the preferred orientation of the
new micas resulted from an orientation-dependent growth mechanism,
involving both the anisotropic supply of material to newly precipitated
grains and the anisotropic growth rate of mica (Etheridge, Paterson,
and Hobbs, 1974).

10. Remaining detrital muscovite and pre-S; chlorite attempted to
equilibrate with the ambient pore fluid via ion exchange reactions.
Detrital muscovite approached the phengite composition by the substi-
tution of Fe*+, Mg?+, and Si*+ for A3+, and A3+ replaced Fe?+ and
Mg2+ in the chlorites. Ti*+ appears to have migrated out of detrital,
TiO,rich muscovites and entered a new phase (hydrated oxide?) along
the cleavages or at the edges of detrital muscovite grains. Occasional
chlorite is also pseudomorphed by fine-grained phengite.

11. The rate of such ion exchange reactions was substantially faster
along the P-layers, leading to a more advanced equilibrium situation in
the P- compared to the Q-layers. The more deformed nature of the P-
layer detrital muscovites promoted more rapid intra-muscovite diffusion,
while increased fluid flow and volume reduction along the P-layers
effected easier transfer of ions toward and away from P-layer detrital
muscovite sites.

12. It is considered that the extreme mineralogical and chemical
differences between adjacent P- and Q-layers as well as the highly vari-
able S, morphology in different lithologies raise the question of whether
the mechanism of pressure solution is solely responsible for the greater
dissolution and precipitation of material along the incipient P-layers.
It is suggested that dissolution and mica precipitation reactions occurred
in both P- and Q-layers but, like the ion exchange reactions, they pro-
ceeded at a faster rate along the incipient P-layers; the rate increase is
thought to be due to the greater passage of fluid along the incipient
P-layers. Such a model may be acting independently of or at the same
time as pressure solution effects.

13. Even though the Clunes metasediments have only suffered a
single deformation event and low-grade metamorphism, it is clear that
diffusive processes and growth of new micas are significant and, particu-
larly in the finer grained rocks, obscure the effects of mechanical reori-
enting processes. However, pore deformation and permeability changes
as well as rotation of pre-S; phyllosilicates, all related to the D, defor-
mation, are equally important in the formation of §,. It is suggested that,
in multiply deformed and/or higher grade rocks elsewhere, it may be
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a gross oversimplification to assume that recrystallization and/or grain
growth processes are dominant as far as preferred orientation develop-
ment is concerned; the earlier deformation history involving mechanical
reorienting processes, pore shape changes, et cetera may well be making
a fundamental contribution to orientation development.
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