
Pergamon 
Journal of Structural Geology, Vol. 16, No. 8, pp. 1139 to 1157, 1994 

Copyright ~ 1994 Elsevier Science Ltd 
Printed in Great Britain. All rights reserved 

0191-8141/94 $07.00+0.00 

0191--8141(93)E0001-2 

TEM and AEM constraints on the origin and significance of chlorite--mica 
stacks in slates: an example from Central Wales, U.K.* 

GEJING LI and  DONALD R.  PEACOR 

Department of Geological Sciences, University of Michigan, Ann Arbor, MI 48109-1063, U.S.A. 

R. J. MERRIMAN 

British Geological Survey, Keyworth, Nottingham NG12 5GG, U.K. 

B. ROBERTS 

Geology Department, Birkbeck College, Malet Street, London WC1E 7HX, U.K. 

and  

BEN A .  VAN DER PLUIJM 

Department of Geological Sciences, University of Michigan, Ann Arbor, MI 48109-1063, U.S.A. 

(Received 30 September 1992; accepted in revised form 18 October 1993) 

Abstract--Chlorite-mica stacks (grains of intergrown chlorite and white mica) in a matrix of fine-grained white 
mica and chlorite have been studied using XRD, SEM, EMPA, TEM and AEM methods. The stacks occur in a 
weakly cleaved Llandoverian mudstone, central Wales, which has a white mica (illite) crystallinity index of 0.35 ° 
A20 corresponding to the lower anchizone. White mica occurs as packets (100/~ to 8 #m thick) interleaved with 
dominant chlorite packets in stacks, with both apparent coherent interfaces or cross-cutting small angle 
boundaries with chlorite layers. It is well-crystallized 2M~ polytype with phengitic composition and low 
paragonite component [Na/(Na+K) -< 0-0.07]. Chlorite in stacks is Fe-rich and relatively homogeneous. TiO2 
crystals surround stacks and occur within chlorite, and white mica is Ti-rich compared to matrix white mica. 

Fine-grained white mica and chlorite in the matrix have two different orientations: one parallel to bedding and 
one parallel to cleavage, which is approximately 30-50 ° to bedding. Matrix white mica is predominantly a 2M1 
polytype, but some cleavage-parallel white mica is 3 T and some bedding-parallel white mica is 1Md. It is Na-rich 
[Na/(Na+ K) - 0.14-0.42] and relatively heterogeneous; some discrete paragonite and phengitic muscovite are 
observed to coexist in the cleavage orientation. Matrix white mica and chlorite each contain less Fe than 
corresponding white mica and chlorite in stacks. Both matrix and stack chlorite are one-layer polytypes. 

The data imply that chlorite in the stacks is largely derived from the replacement of volcanogenic biotite and 
other ferromagnesian minerals (probably via intermediate expandable trioctahedral phyllosilicates). Most 
intergrowths of chlorite and mica in stacks formed by mica replacement of chlorite and altered biotite along 
cleavage fissures. Subsequent deformation caused further modification of pre-existing chlorite-mica stacks 
whereas partial dissolution of stacks and bedding-parallel matrix phyllosilicates resulted in the formation of 
cleavage-parallel phyllosilicates. 

I N T R O D U C T I O N  

COARSE phyUosi l icate  grains ,  each  consis t ing  of  a s tack  
o f  packe t s  o f  mica  and  ch lor i te  a re  c o m m o n  in L o w e r  
Pa leozo ic  m u d s t o n e s  tha t  have  u n d e r g o n e  d iagenes i s  
and  low-g rade  reg iona l  m e t a m o r p h i s m  in the  W e l s h  
Bas in  (A t t l ewe l l  & T a y l o r  1969, B r e n c h l e y  1969, Evans  
& A d a m s  1975, F i t ches  & Johnson  1978, Cra ig  et al. 

1982, W o o d l a n d  1982, 1985, D i m b e r l i n e  1986, Mi lo-  
dowsk i  & Za las iewicz  1991, Li et al. 1992). T h e y  usual ly  
consis t  of  in t e rg rowths  of  ch lor i te  and  whi te  mica  tha t  
a re  gene ra l ly  s t a cked  para l l e l  o r  subpara l l e l  to (001) 
p lanes ,  and  are  up  to  150/~m in longes t  d imens ion .  Such 

* Contribution No. 494 from the Mineralogical Laboratory, Depart- 
ment of Geological Sciences, University of Michigan, Ann Arbor, MI 
48109-1063, U.S.A. 

c h l o r i t e - m i c a  s tacks  have  been  r e p o r t e d  f rom m a n y  
o t h e r  local i t ies  in bo th  low-grade  m e t a m o r p h o s e d  
( H o e p p e n e r  1956, Vol l  1960, K o s s o v s k a y a  & Shutov  
1970, Wi l l i ams  1972, Ho leywe l l  & Tull is  1975, Bay ly  et 

al. 1977, B e u t n e r  1978, R o y  1978, W h i t e  & K n i p e  1978, 
W e b e r  1981, M o r a d  1986) and  u n m e t a m o r p h o s e d  mud-  
rocks  (Pye  & Kr ins ley  1983), a l though  d i f fe ren t  t e rms  
have  been  used  to descr ibe  t hem (see  rev iew by van de r  
Plui jm & Kaars -S i jpes te i jn  1984). 

Va r ious  origins have  been  sugges ted  for  the  fo rma t ion  
of  the  c h l o r i t e - m i c a  s tacks ,  including:  (1) s t ra in-  
con t ro l l ed  growth  and  d isso lu t ion  of  ch lor i te  in de-  
f o r m e d  de t r i t a l  micas  (Vol l  1960, van d e r  Plui jm & 
Kaars -S i jpes t e i jn  1984); ( 2 ) s t r a i n - c o n t r o l l e d  ' p o r p h y r o -  
b las t s '  f o r m e d  dur ing  m e t a m o r p h i s m  (At t l ewe l l  & Tay-  
lor  1969, W e b e r  1981); (3) p r e - s e d i m e n t a t i o n ,  de t r i t a l  
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Fig. I Geological sketch map (after British Geological Survey 1992) showing location of sample studied. 

origin (Beutner 1978); (4) pre-tectonic mimetic replace- 
ment of clay minerals (smectite) by chlorite and illite 
during diagenesis and low-grade metamorphism (Craig 
et al. 1982, Woodland 1982, 1985); and (5) alteration of 
detrital biotite to chlorite and illite during diagenesis and 
low-grade metamorphism (White et al. 1985, Dimber- 
line 1986, Morad 1986, Milodowski & Zalasiewicz 
1991). 

Chlorite-mica stacks have been intensively studied by 
many workers. The various research methods used to 
characterize chlorite-mica stacks, including optical 
microscopy, X-ray diffraction (XRD), scanning electron 
microscopy (SEM) and electron microprobe analysis 
(EMPA), however, do not provide detailed resolution 
of intergrown phases in the stacks nor of the enclosing 
fine-grained matrix phyllosilicates. The latter also con- 
sist of mica and chlorite and are thus relevant to the 
paragenetic evolution of chlorite-mica stacks. Trans- 
mission electron microscopy (TEM), however, is 
capable of detecting the size, shape and textural re- 
lationships of small crystals in mudrocks as well as 
defining their structure. Moreover, analytical electron 
microscopy (AEM) allows chemical analysis to be 
directly obtained from small packets of clay minerals (as 
thin as 50 ,~. Using these high-resolution methods, 
detailed textural and chemical relationships between 
detrital and authigenic clay minerals can be obtained. In 
this study chlorite-mica stacks as well as the fine-grained 
authigenic phyllosilicate minerals in the matrix of Llan- 

dovery slates of central Wales, U.K. have been investi- 
gated using XRD, SEM, EMPA, TEM and AEM 
methods in order to determine the nature and origin of 
the chlorite-mica stacks and other phyllosilicates and 
their evolution during diagenesis through very low- 
grade metamorphism. 

P R O C E D U R E S  A N D  O B S E R V A T I O N S  

Material and methods  (~f study 

The sample examined for this study, BRM 1280 
(NGR SN 979 688), was collected from a sequence of 
thinly laminated turbidite mudstones forming part of the 
Rhayader Mudstone Formation of Llandovery (Silur- 
ian) age (British Geological Survey 1992). A discontinu- 
ous cleavage is developed in the outcrop of pale-green 
mudstones, located about 1 km northeast of Rhayader 
(Fig. 1). The outcrop lies within an area of very low- 
grade (lower anchizone) regional metamorphism (Bri- 
tish Geological Survey 1992), and the sample has a white 
mica (illite) crystallinity (half-height breadth of 10 
peak; Kubler 1968) of 0.35 ° A20 (CuKa). Within this 
area, depth of burial in the >5 km thick succession 
(Fletcher et al. in press), is inferred to have exercised an 
important control on grade (Merriman et aI. 1992), and 
regional metamorphic studies of adjacent areas of the 
Welsh Basin similarly conclude that grade generally 
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correlates with the thickness of overburden (Robinson 
& Bevins 1986, Awan & Woodcock 1991, Roberts et al. 
1991). 

Regular polished thin sections were prepared for 
petrographic observation and EMPA analysis, and 
stickywax-mounted thin sections for TEM specimens. 
Thin sections were cut perpendicular to both bedding 
and cleavage to obtain optimum orientation for SEM 
observations of textural relationships and in order to 
obtain TEM (001) lattice fringe images of phyllosili- 
cates. Following SEM study using back-scattered elec- 
tron (BSE) imaging and X-ray energy dispersive spectral 
(EDS) analysis, ion-milled specimens were prepared 
following the method described in Li et al. (in revision) 
prior to TEM observation on a Philips CM12 scanning 
transmission electron microscope (STEM) fitted with a 
Kevex Quantum solid-state detector and computer sys- 
tem. The STEM was operated at an accelerating voltage 
of 120 kV and a beam current of - 10 /tA. AEM 
quantitative chemical analyses were obtained and calcu- 
lated using standards described in Li et al. (in revision). 
Chemical compositions of the coarse chlorite and mica 
in stacks were also determined using a Cameca CAME- 
BAX electron microprobe operated at 12 kV accelerat- 
ing voltage and 10 nA beam current. The EMPA results 
are consistent with but display less variation than AEM 
analyses of the same materials. XRD data were obtained 
for the powdered bulk rock sample, using a Philips 
automated diffractometer with graphite monochroma- 
tor and C u K a  radiation to define the principal minerals. 
Chamosite (Fe-rich chlorite), phengitic muscovite and 
other white micas, quartz and albite were detected. 

S E M  and optical observations 

As seen in Figs. 2 and 3, chlorite-mica stacks are 
commonly 10-150/~m in longest dimension and much 
coarser than the grains of matrix phyllosilicates (less 
than 2/~m in thickness). The fine-grained matrix also 
consists largely of white mica and chlorite. Most stacks 
have packets (100 A-8pm thick) of white mica which are 
easily identified optically and by contrast in their BSE 
images. Chlorite packets within each grain (except 
within some deformed and rotated stacks) collectively 
constitute an optically continuous unit even though they 
may be separated by packets of white mica. In most 
cases, separate white mica packets within each stack do 
not constitute an optically continuous body, and their 
optic axes have slightly different orientations. Chlorite is 
usually the dominant mineral in these stacks, with white 
mica comprising less than 20% of the total volume, 
although proportions as large as 50% were occasionally 
observed. 

The distribution of chlorite-mica stacks in slates is 
related to the varying depositional texture. Large grains 
are concentrated in the coarser-grained, lower portions 
of graded pelitic laminae, and the abundance and grain 
size of stacks gradually decrease upward (Fig. 2a). Such 
size distribution has also been observed by Milodowski 
& Zalasiewicz (1991) in slates in central Wales and by 

Beutner (1978) in the Martinsburg Slate. Grains of 
chlorite-mica stacks are usually larger than accom- 
panying detrital quartz and albite (Fig. 2b), but the sizes 
of stack grains and all detrital minerals are more alike in 
the coarse-grained, lower portions of units. Quartz 
grains with angular shapes that are much larger than 
chlorite-mica stacks are occasionally seen in the slates 
(Fig. 2c). Chlorite-mica stacks are generally rectangular 
to ovoid in cross-section, with length to width ratios 
larger than 2:1, and with long dimensions parallel or 
subparallel to bedding. Some stacks have a subhedral or 
euhedral shape reminiscent of typical amphibole or 
pyroxene euhedra (Fig. 2d, indicated by arrow), consist- 
ent with the observations of Milodowski & Zalasiewicz 
(1991). Most of the chlorite-mica stacks have (001) basal 
planes oriented parallel or subparallel to bedding (Figs. 
2b & d), implying an original bedding-parallel fabric. In 
slates, the primary bedding-parallel fabric of chlorite- 
mica stacks has been noted by many workers (e.g. 
Beutner 1978, Craig et al. 1982, van der Pluijm & Kaars- 
Sijpesteijn 1984, Dimberline 1986, Morad 1986), despite 
the commonly observed wide variation in the angle 
between bedding and cleavage. Usually the orientation 
of the stacking plane is related to bedding rather than 
cleavage, and where cleavage and bedding are at a high 
angle, (001) of stack phyllosilicates will be oriented at a 
large angle to cleavage. 

Most of the chlorite and white mica packets in stacks 
are intergrown with (001) parallel or subparallel. Some 
mica packets have a lenticular shape or thickness that is 
variable (Fig. 2b) so that the number of the layers 
making up the thickness of mica packets must vary 
across the lateral dimensions of a packet requiring that 
boundaries with chlorite are at least partially incoherent 
(see below). However, the orientation of white mica in 
stacks may be quite variable where the spaced cleavage 
is well developed; for example, mica packets may be 
deflected from bedding toward the spaced cleavage 
plane (Figs. 2e & f). Chlorite-mica stacks commonly are 
markedly deformed, with some stacks cross-cut by 
cleavage (Figs. 3a-c). Bending and rotation of entire 
chlorite-mica stacks toward the cleavage plane, 
although relatively uncommon, has also been observed 
(Figs. 3a & c). 

In most cases, intergrowths of chlorite and white mica 
terminate abruptly against the cleavages that cross-cut 
stacks (Figs. 3a & c), and the cleavage planes are 
deflected around the stacks and detrital-like particles. 
However, textures also suggest that mica packets post- 
date cleavage formation in some cases. For example, 
undeformed mica packets were observed cross-cutting a 
fracture plane, related to the cleavage deformation of 
chlorite-mica stacks (Figs. 2f and 3a). In Fig. 3(b), a 
grain with deformed packets is cross-cut by tabular white 
mica (indicated by arrow). 

A small number of detrital-like coarse grains were 
observed to consist only of chlorite. In addition to quartz 
and albite, other coarse detrital-like minerals include 
white mica without chlorite, or with only a small amount 
of chlorite interleaved where subgrains are in contact 
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with deformed chlorite-mica stacks (Fig. 3d, indicated 
by arrow). SEM observations of thin sections also show 
the presence of other accessory phases such as titanium 
oxide (rutile?), apatite and zircon. 

TiO= polymorphs were observed by SEM to occur 
pervasively, being easily detected by their bright con- 
trast in BSE images. Although EDS analyses define the 
composition, it was not possible to identify the poly- 
morph. We therefore refer to it simply as TiO2, although 
it is most likely rutile. TiO2 grains are 0.5-5 ~m in size, 
with subhedral to euhedral shapes. They occur as indi- 
vidual grains or as small crystal clusters that are ran- 
domly distributed in the matrix. However, they are 
more frequently seen within chlorite in stacks, or as 
needle-like crystals surrounding chlorite-mica stacks 
(Fig. 2e). Similar distribution of rutile needles around 
chlorite-mica stacks was also observed in Middle Cam- 
brian metabentonites in North Wales (Roberts & Merri- 
man 1990). 

The fine-grained mudstone matrix consists predomi- 
nantly of white mica and chlorite, and subordinate 
quartz and albite. In contrast to the large detrital-like 
grains of mica and chlorite, they occur as submicroscopic 
grains that are usually less than 2 ~m in size (thickness), 
with (001) oriented parallel to one of two preferred 
orientations: ' one broadly parallel to bedding in the 
microlithons (So, Q-domains) and one broadly parallel 
to cleavage in the relatively thin P-domains (S~). The 
angle between bedding and cleavage is generally 30-50 ° 
but in some thin P-domains this angle may range up to 
90 ° (Fig. 4). Orientation measurements of matrix phylio- 
silicates in such P-domains were made using BSE images 
with high magnifications which allow phyllosilicates <2 
/~m thick to be identified. The result (Fig. 5) shows that 
the more abundant type of matrix phyllosilicates are 
oriented with (001) parallel or subparallel to bedding 
(So), whereas the second, less abundant type is preferen- 
tially oriented parallel or subparallel to cleavage ($1, 
e.g. Figs. 2b & f). Additionally, (001) of some fine- 
grained matrix phyllosilicates is subparallel to grain 
margins of detrital-like grains where they are adjacent to 
and wrap around the latter. 

Transmission electron microscopy 

Textural relationships. TEM images show that 
chlorite-mica stacks have sharply defined boundaries, 

characterized by the much larger packet size of phyllosi- 
licates in the stacks compared with matrix phyllosili- 
cares. The latter generally have (001) oriented parallel 
to these boundaries, so that stack layers terminate 
abruptly where they intersect matrix phyllosilicate 
layers at both high and low angles (Fig. 4). In contrast to 
the dominance of chlorite in stacks, white mica is the 
principal phyllosilicate in the matrix. Selected area elec- 
tron diffraction (SAED) patterns having (001) reflec- 
tions of matrix phyllosilicates confirm that basal planes 
of both white mica and chlorite are dominantly subparal- 
lel to sedimentary bedding. 

Some matrix phyllosilicates have (001) parallel to the 
spaced cleavage, which is approximately 3050  ° to sedi- 
mentary bedding in general, although the angle may be 
up to 90 ° in selected areas (P-domains, e.g. Fig. 4). 
There is a range of orientations of bedding-parallel and 
cleavage-parallel matrix phyllosilicates, as is typical of 
shales and slates. For example, Fig. 4 illustrates fan- 
shaped arrays of subparallel packets which have orien- 
tations ranging over several tens of degrees. However, 
few grains have orientations intermediate between the 
bedding-parallel and cleavage-parallel phyllosilicates in 
such thin P-domains. Similar observations were made by 
Lee et al. (1986) in rocks showing incipient cleavage 
development. 

Five different modes of occurrence of white micas can 
be distinguished: (1) white mica in chlorite-mica stacks; 
(2) chlorite-free white mica grains with detrital-like 
shape; (3) matrix white mica parallel to bedding; (4) 
matrix white mica parallel to cleavage; and (5) white 
mica cross-cutting stacks. In addition, three modes of 
chlorite occurrence are recognized: (1) chlorite in 
stacks: (12) bedding-parallel matrix chlorite; and (3) 
cleavage-parallel matrix chlorite. Texture, polytypism 
and composition for each type is summarized in Table 1, 

Chlorite-mica stacks. Lattice fringe images of typical 
chlorite-mica stacks exhibit packets of dominant 14/~ 
chlorite layers interleaved with packets of white mica. 
Such packets are commonly parallel, with boundaries 
that appear to be coherent, i.e. c* of chlorite packets is 
parallel to c* of the adjacent white mica packets. In 
other cases layers of mica and chlorite are subparallel, 
with mica layers terminating against a continuous layer 
of chlorite (Fig. 6). Such incoherent relations are con- 

~l'able 1. Summary of textural and mineralogical characteristics of phyllositicates in a cleaved 
mudstone from Central Wales, U K .  

Grain size 
(thickness) Defect Potytypism ~Zomposition 

Mica in stacks 100 A-8t~m absent 2Mi phcngitic muscovite 
Mica cutting stacks 100/~-4t~m absent 2M~ muscovite 
Detrital-like mica 10-40/~m absent 2Mi muscovite, paragonitc ss ~ 
Bedding-parallel mica 50 ~ -2  ~tn~ present 2M~, t M d intermediate Na/K mica 
Cleavage-parallel mica 100 A-2/:m absent 2M~, 3T phengitc and paragonitc 
Chlorite in stacks I(~/~-30/tm absent one-layer relatively high Fe 
Bedding-parallelchlorite 100/~-1 itm present one-layer relatively low Fc 
Cleavage-parallel chlorite I(X) Aq).5/tm absent one-layer intermediate Fe 

*ss: solid solution. 
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Fig. 2. Back-scattered electron (BSE) images showing textures of chlorite-mica stacks in a cleaved mudstone. (a) 
Distribution of chlorite-mica stacks in a single pelitic lamina. The size of stacks decreases from the bottom of the unit 
upward. (b) The sizes of stacks are usually larger than those of quartz and albite detrital grains. The basal planes of 
phyllosilicates in stacks and fine-grained matrix phyUosilicates are mostly parallel to bedding, hut some stacks (indicated by 
a white arrow) are oriented with basal planes at high angle to bedding. (c) Angular detrital quartz grains much larger than 
chlorite-mica stacks are occasionally seen in slates. (d) Chlorite and white mica in stacks are intergrown parallel or 
subparallel to their (001) planes, which in turn are parallel to bedding. Some stacks have crystal shapes resembling 
amphibole or pyroxene euhedra. (e) Some mica packets in stacks are curved toward cleavage, and some phyllosilicates in 
the matrix are parallel to cleavage. TiO2 crystals (indicated by thin arrows) were observed surrounding chlorite-mica 
stacks. (f) Mica intergrowths in stacks cutting across a cleavage induced fracture which cross-cut the stacks. (C) chlorite, 

(M) white mica, (Q) quartz, (Ti) titanium oxide, (So) sedimentary bedding, (Sl) spaced cleavage. 
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Fig. 3. BSE images showing texture of chlorite-mica stacks in a cleaved mudstone. (al White mica (indicated by arrowl 
transecting earlier-formed mica in stacks, forming anastomosing networks of mica intergrowths. Rotation. bending and 
kinking of the stacks occurred near cleavage planes. (b) A later tabular mica (indicated by an arrow} cross-cuts a folded 
stacks grain. (c) Intergrowths of chlorite-mica in the stacks terminate abruptly at cleavage planes. (d) Detrital white mica 
grain without interleaved chlorite, and one with a small amount of chlorite [indicated by arrow 1. The latter is in contact with 
chlorite-mica stacks which were affected by cleavage formation and fractured along with the white mica grain. (C} chlorite. 

(M) white mica, (C-M) chlorite-mica stacks, (O) quartz, (S,,} sedimentary bedding, ($I) cleavage 

Fig. 4. TEM image showing part of the sharp boundary of a chlorite-mica stack (C-M). Surrounding thin matrix 
phyllosilicate packets (M) terminate abruptly at its margin whether oriented at high anglcs or subparallel to the basal plane 

of thick phyllosilicates packets in stacks; the latter are approximately parallel to sedimentary bedding. 
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Fig. 6. TEM lattice fringe image of intergrowth of white mica and chlorite in stacks, the inset selected area electron 
diffraction (SAED) pattern showing that (001) layers of each are subparallel. Chlorite has a highly perfect structure with 
well-developed packets of several 1000/~ thick, with only a few defects (indicated by an arrow) observed within hundreds of 

layers. (C) Chlorite, (M) white mica. 

Fig. 7. TEM lattice fringe image of chlorite (C) in stacks displaying variable contrast due to layer-stacking disorder, 
consistent with the diffuse streaking along c* in the inset SAED pattern 

Fig. 8. TEM lattice fringe image displaying adjacent white mica (M) intergrowths with subparallel chlorite (C) layers in 
chlorite-mica stacks. The inset SAED pattern shows two-layer polytypism of white mica. 

Fig. 9. TEM lattice fringe image of fine-grained bedding-parallel matrix white mica (M) showing bending and various 
defects such as dislocations and low-angle boundaries. The inset electron diffraction pattern shows that it is a disordered 

l Md polytype with streaking along c*. 
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Fig. 10. (a) I'EM lattice fringe image of relatively coarsc-graincd matrix whitc mica (M) demonstrating its relatively dctcct- 
free nature. Lenticular splitting along layers is duc to beam damage during TEM observation. The inset electron diffraction 
pattern shows that it is a well-crystallized two-layer polytype. (b) TEM lattice fringe image of bedding-parallel chlorite (C) 
coexisting with whitc mica (M) in the matrix shows various defects and deformation features ,;uch as layer tcrminalions. 

edge dislocations, kinking and bending (indicated by arrow~t 
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Fig. i 1. TEM images ofeuhedral to subhedral cleavage-parallel white mica and chlorite crystals occurring in the matrix. (a) 
A low magnification bright field image showing euhedral to subhedral white mica (M) and chlorite (C) oriented 
approximately normal to bedding. (b) An enlargement of part (a). Platy subhedral white mica crystals are two- and three- 

layer polytypes, and platy euhedral-to-subhedral chlorite displays defect-free fringes with 14 A periodicity. 

1147 





Origin and significance of chlorite-mica stacks in slates 1149 

sistent with the variable mica packet thicknesses ob- 
served by SEM. 

Chlorite occurs as well-developed packets several 
thousand angstroms thick, having highly perfect struc- 
ture; very few defects, such as layer terminations (indi- 
cated by an arrow in Fig. 6), were observed in packets 
consisting of hundreds of layers. Chlorite packets Of 
coherent layers commonly display variable contrast 
(Fig. 7). Such contrast results from stacking faults that 
are also indicated by diffuseness parallel to c* in SAED 
patterns (insert in Fig. 7). No mixed-layering of mica 
was observed within packets of chlorite. 

Individual packets of white mica interleaved with 
chlorite packets range from a few 10s to a few 100s 
thick, with a collective thickness of up to several 1000 
in a given stack. Lattice fringe images of packets of white 
mica generally display parallel, defect-free, coherent 
layers; layer terminations are rarely observed. No chlor- 
ite was observed to be mixed-layered with mica. 

In some cases, adjacent white mica packets, each of 
which appear to be defect-free, display subparallel 
boundaries with elongate lenticular fissures which are 
probably an artifact of beam damage (Fig. 8). The 
'mottled' structure displayed in lattice fringe images of 
white mica is characteristic of cation diffusion induced 
by the electron beam (Ahn & Peacor 1986). SAED 
patterns (e.g. inset in Fig. 8) suggest that most of the 
white mica is well-crystallized, and consists of a two- 
layer polytype (presumably 2M1). Slight diffuseness 
parallel to c* was occasionally observed in some SAED 
patterns, probably due in part to the presence of the 
interpacket beam damage. 

White  mica  in matrix .  Bedding-parallel white mica 
consists of both fine-grained deformed crystals (---200 
thick) and coarse-grained undeformed crystals (up to 2 
/~m in thickness). Cleavage-parallel white mica (100 A-2 
pm in thickness) is relatively undeformed and some- 
times occurs as discrete crystals with platy subhedral 
shapes. 

The smallest crystals of matrix bedding-parallel white 
mica, 50-200 A thick, occur as subparallel packets 
bordered by low-angle grain boundaries, and contain 
high concentrations of layer terminations. Kinked, bent, 
and curved layers are frequently observed, and they are 
associated with lenticular voids between layers (Fig. 9). 
These strain features show that the small white mica 
crystals are highly deformed. Electron diffraction pat- 
terns confirm that such white mica is a disordered 1Md 
polytype with 10 A periodicity (inset in Fig. 9), although 
some grains are a two-layer polytype, but with streaking 
along c* representing stacking disorder. 

Relatively coarse-grained crystals of white mica in the 
bedding orientation occur as well-defined packets of 
layers that display little or no deformation. Such packets 
are oriented parallel or subparallel to each other, and 
appear to be relatively defect-free, with layer termin- 
ations being rarely observed (Fig. 10a, indicated by 
arrow). The 'mottled' structure and lenticular fissures 
along layers in this example are in part due to beam 

damage. Relatively coarse-grained white mica displays 
(00l) lattice fringe periodicities of ca 10 and 20 A, and 
the SAED pattern in Fig. 9 shows that the white mica is a 
well-crystallized, two-layer polytype (2M1). Streaking 
along c* is also observed in SAED patterns. Although 
most electron diffraction patterns of coarse-grained 
bedding-parallel white mica only show a single, well- 
defined sequence with 20 A periodicity, one of them was 
observed to have unusual satellite reflections with ratio- 
nal indices relative to those corresponding to 20 ,~ 
periodicity (Li et al. in revision). This type of structure is 
referred as a commensurate modulation since the super- 
structure spots are rational multiples of the substructure 
(Buseck & Cowley 1983) and is inferred to be due to 
ordering of interlayer Na and K. 

The white mica oriented parallel to cleavage is gener- 
ally similar to the more coarse-grained white mica in the 
bedding orientation; that is, it is relatively defect-free 
and is dominantly a two-layer polytype (2M1). 
Occasionally, electron diffraction patterns of such 
cleavage-parallel mica show weak reflections of parago- 
nite associated with strong reflections of muscovite. 
Such reflections show that both muscovite and parago- 
nite coexist as well-defined two-layer polytypes. Inter- 
grown paragonite and white mica packets were also 
detected with electron diffraction patterns, but not in 
lattice fringe images from an anchizonal slate sample 
from north Wales (Merriman et al. 1990). Some 
cleavage-parallel white mica was observed to have an 
uncommon morphology consisting of platy individual 
crystals 100-1000 /~ thick (Fig. 11). It consists of 
straight, defect-free layers that are parallel to the (001) 
boundaries. Similar crystal shapes, considered to rep- 
resent cross-sections of euhedral to subhedral hexagonal 
crystals, have been imaged in illites in shales from Salton 
Sea geothermal field, where they formed by direct 
crystallization from convected fluids (Yau et al. 1987b); 
in illite in Triassic volcanogenic sediments from the 
Southland Syncline, New Zealand (Ahn et al. 1988); and 
in illite synthesized under hydrothermal conditions (Yau 
et al. 1987a). Such crystals are therefore inferred to be 
subhedral in morphology but further observation in 
three-dimensions need to be made using clay separates. 
Although two-layer polytypes were ubiquitously ob- 
served in other crystals, here the material consists of 
both two- and three-layer polytypes (Fig. l ib ,  an en- 
largement of part of Fig. 11a). 

Chlorite in matr&.  Matrix chlorite is subordinate to 
white mica. It occurs as well-defined packets of layers 
that are almost always closely associated with white 
mica. Although the thickness of chlorite packets varies, 
most are less than 2/~m thick and are occasionally as thin 
as 100 ~ .  As is the case for white mica, matrix chlorite 
has two distinctly different orientations, parallel to bed- 
ding and parallel to cleavage. Bedding-parallel chlorite 
also consists of both relatively coarse-grained (300 A-2 
pm) and undeformed crystals, and relatively fine- 
grained (<200 A) and deformed crystals. Cleavage- 
parallel chlorite was never observed to have defor- 

$G 16:8-G 
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mation features, but occurs as discrete subhedral crys- 
tals. 

Lattice fringe images of coarse-grained bedding- 
parallel chlorite commonly show straight, coherent 
layers with 14 A periodicity which are relatively defect- 
free; layer terminations are rarely observed. However,  
fine-grained chlorite is quite different. For example, a 
lattice fringe image (Fig. 10b) of fine-grained chlorite 
coexisting with white mica shows that low-angle bound- 
aries occur both between chlorite packets and between 
chlorite and white mica crystals. Crystal defects such as 
edge dislocations, layer terminations and layer splitting 
are also commonly observed, features which suggest 
that the small crystals have been deformed. Matrix 
chlorite parallel to cleavage is generally undeformed and 
defect-free, similar to cleavage-parallel white mica. Dis- 
crete, subhedral crystals of chlorite are observed in 
association with subhedral white mica crystals (Fig. 
1 lb).  Packets of straight, coherent,  defect-free chlorite 
layers may be up to 800A thick, and arc oriented 
parallel or subparallel to adjacent chlorite and subhedral 
white mica crystals. Such chlorite crystals have also been 
observed in association with euhedral to subhedral illite 
crystals in shales from the Salton Sea geothermal field 
(Yau et al. 1987b); and in Triassic volcanogenic sedi- 
ments from the Southland Syncline, New Zealand (Ahn 
et al. 1988). 

White mica in detrital-like grains. Large flakes of 
detrital-like white mica consist of aggregates of parallel 
to subparallel packets, each ranging from a few 100 to 
1000 ,~ in thickness. SAED patterns show that they 
consist of well-crystallized two-layer polytypes. There is 
less diffuseness along c* of the SAED patterns, com- 
pared with those of white mica in the matrix. 

Analytical electron microscopy 

AEM data were normalized on the basis of 12 tetra- 
hedral and octahedral cations for white mica and 14 O- 
atoms for chlorite. Average compositions of the various 
types of white mica and chlorite are given in Tables 2 and 
3. Although the various types of white mica differ in 
ways described above, most have compositions 
approaching those of evolved micas, with net negative 
charges close to 2 per formula unit (pfu); i.e. the net 
negative charges are typical of those of phengite or 
muscovite rather than authigenic illite, for which net 
negative charges are considerably smaller (~1.6,  Sro- 
doff et al. 1986). 

White mica in stacks and detrital-like grains. The 
structural formulae (Table 2, analyses 1-4) of most 
white mica in chlorite-mica stacks are similar to those 
reported for mica in stacks of other Paleozoic turbidites 
(Craig et al. 1982, Dimberline 1986, Milodowski & 
Zalasiewicz 1991). They are generally phengitic in com- 
position, having higher Si/A1 ratios (6.20-6.35 Si pfu) 
than muscovite and with significant Fe and Mg. The Fe/ 
(Mg+Fe)  ratio varies over a wide range (0.3-0.85). The 

micas display slight deficiencies in interlayer cations 
( K + N a + C a  = 1.83-1.94) but are still within the range 
of typical mica; that is, they have 'mature'  compositions 
as compared with authigenic illite. The Na / (K+Na+Ca)  
ratio is less than 0.1 in general, and no Na is detectable in 
some analyses. On the other hand, the detrital-like 
grains consisting only of white mica have Si and AI 
contents ('Fable 2, analysis 5) similar to those of end- 
member muscovite. F'heir Fe and Mg contents are much 
lower than those ot: white mica in stacks, and there is 
significant Na (up tt~ 0.32 pfu) present. 

Both the white mica in chlorite-mica stacks and the 
detrital-like white mica contain Ti, the amount in the 
mica in chlorite-mica stacks (0.04-0.11 pfu) being 
greater than that in the detrital-like white mica (0.3 pfu). 
Although measurable Ti contents are common in trioc- 
tahedral micas they arc unusual in dioctahedral micas. 
Special care was therefore taken to ensure that analyses 
were obtained from areas shown by TEM to consist only 
of white mica, with no adjacent Ti-containing minerals 
such as rutile. Such observations verify that Ti is present 
in solid solution. 

White mica in matria. The average compositions (cf. 
table 1 in I,i et al. in revision) of bedding-parallel matrix 
white mica show high Na contents [Na/ (Na+K+Ca)  
--(J.14-0.42]. The high Na contents are incompatible 

with the wide solvus in the system muscovite-paragonite 
(e.g. Eugster 1956+ Eugster et al. 1972, Blencoe & Luth 
1973), and attempts to determine the spatial distribution 
of Na and K were therefore made. Compositions with 
high Na were frequently obtained in fine-grained and 
deformed bedding-parallel micas even using a point 
beam with a 50 ,~ diameter, suggesting the presence of 
disordered intermediate Na/K mica, consistent with 
singlc diffraction patterns observed in such materials. 
The Na / (Na+K+Ca)  ratios from adjacent areas are 
quite variable. The probable occurrence of interlayered 
Na- and K-rich layers would require diffuseness in (00/) 
reflections, especially when the non-(00/) reflections 
that arc a measure of stacking sequence are excluded. 
Such diffuseness was commonly observed. In addition, 
the occurrence of the modulated structure as indicated 
by irrational (00l) reflections in the white mica having a 
relatively high Na content [Na / (Na+K+Ca)  = 0.29] is 
also consistent with local ordering of Na- and K-rich 
laver,.. 

The range of Fc+Mg contents in bedding-parallel 
white mica in the matrix is similar to that of detrital-like 
white mica, but both types have Fe contents much 
smaller than those of white mica in chlorite-mica stacks. 
Bedding-parallel white mica differs, however, from the 
detrital-like white mica in having relatively low total 
interlayer cations ( 1 , 7 5  pfu), especially in relatively 
fine-grained and deformed white mica parallel to bed- 
ding ( 1.66 pfu, as consistent with its lMa polytypism. 
The Fi content (0.01-0.02 pfu) of white mica in the 
bedding orientation is generally relatively low compared 
to that of white mica in chlorite-mica stacks. 

Although some white mica with significant Na was 
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Fig. 5. A histogram showing orientation of (001) of fine-grained 
phyllosilicates in the matrix as measured on BSE images of some thin 

P-domains. (So) sedimentary bedding, (Sl) cleavage. 

Table 3. Normalized AEM data for chlorite*t 

1 2 3 4 5 6 

Si 2.58 2.56 2.57 2.60 2.58 2.56 
A1TM 1.42 1.44 1.43 1.40 1.42 1.44 
AI vx 1.53 1.53 1.61 1.52 1.55 1.53 
Ti n.d.:~ n.d. n.d. n.d. n.d. n.d. 
Fe 2÷ 3.40 3.32 2.97 3.02 3.13 3.20 
Mg 0.95 1.07 1.32 1.38 1.23 1.19 
Mn 0.06 0.03 0.05 0.02 0.04 0.03 

Total cations 9.94 9.95 9.95 9.94 9.96 9.95 

Fe/Fe + Mg 0.78 0.76 0.69 0.69 0.72 0.73 

*Each formula is normalized on the basis of 14 O-atoms and is an 
average of at least six scanning areas within the same grain, and all Fe 
calculated as FeO. Two standard deviations on the basis of calculating 
statistics are 0.05-0.07 pfu for Si, 0.03-0.04 and 0.04-0.05 pfu for AI W 
and AI vl, respectively, 0.20-0.25 pfu for Fe, 0.09-0.15 pfu for Mg and 
0.01-0.02 pfu for Mn. 

1-Analyses 1 and 2 were derived from chlorite in stacks, while 3 and 4 
and 5 and 6 were from matrix chlorite parallel to bedding and cleavage, 
respectively. 

:~n.d. = not detectable. 

Table 2. Normalized AEM data for white mica in detrital 
grains*t 

1 2 3 4 5 

Si 6.24 6.25 6.22 6.31 6.01 
AI Iv 1.76 1.75 1.78 1.69 1.99 
AI vI 3.56 3.54 3.59 3.32 3.84 
Ti 0.04 0.06 0.07 0.11 0.03 
Fe 2+ 0.34 0.13 0.14 0.16 0.05 
Mg 0.06 0.27 0.20 0.41 0.08 
Ca 0.04 n.d.:~ n.d. n.d. n.d. 
Na 0.13 0.13 n.d. n.d. 0.32 
K 1.75 1.76 1.83 1.94 1.58 

Total cations 13.92 13.89 13.83 13.94 13.90 

Na/(K + Na + Ca) 0.068 0.069 0 0 0.168 

*Each formula is normalized on the basis of 12 cations on 
tetrahedral and octahedral sites and is an average of at least six 
scanning areas within the same grain, and all Fe calculated as 
FeO. Two standard deviations on the basis of calculating stat- 
istics are 0.11-0.15 pfu for Si, 0.04-4).05 and 0.08-0.09 pfu for 
Al Iv and Al vl, respectively, 0.01-0.02 pfu for Ti and Ca, 0.01- 
0.03 pfu for Fe 0.01-0.05 pfu for Mg, 0.02-0.04 pfu for Na and 
0.10-0.14 pfu for K. 

tAnalyses 1-4 and 5 were derived from white mica in chlorite- 
mica stacks and detrital white mica, respectively. 

~n.d. = not detectable. 

also d e t e c t e d  in c l eavage -pa ra l l e l  o r i en t a t i on ,  c leavage-  
pa ra l l e l  whi te  micas  in the  mat r ix  gene ra l ly  have  c o m p o -  
s i t ions  wi th  ve ry  high concen t r a t i ons  of  K and  Na ,  
r e spec t ive ly ,  cons i s ten t  wi th  the  spli t  ref lec t ions  in the i r  
S A E D  p a t t e r n s  which ind ica te  c o h e r e n t  d i f f rac t ion  of  
two s e p a r a t e  phases  (Li  et al. in revis ion) .  The  N a  whi te  
mica  has  a ra t io  o f  Si /A1 - 1 and  the  n o r m a l i z e d  f o r m u l a  
c o r r e s p o n d s  to n e a r  e n d - m e m b e r  p a r a g o n i t e  
(Mu6Pg94), w h e r e a s  the  K whi te  mica  has  a l a rge r  Si /AI 
ra t io  wi th  m o r e  ( F e + M g )  and  its n o r m a l i z e d  fo rmu la  
c o r r e s p o n d s  to pheng i t i c  muscov i te .  T h e  compos i t i ons  
of  c l eavage -pa ra l l e l  whi te  mica  are  i n t e r m e d i a t e  to those  
of  b e d d i n g - p a r a l l e l  whi te  mica  in the  mat r ix  and  those  o f  
whi te  mica  in s tacks ,  bu t  the  N a  con ten t  is m o r e  l ike the  

f o r m e r  and  the  ( F e + M g )  c o m p o n e n t s  m o r e  l ike the  
la t ter .  In  c o m p a r i s o n  with  whi te  mica  para l l e l  to  bed-  
d ing,  c l eavage-pa ra l l e l  whi te  mica  has  a smal le r  de-  
ficiency in in t e r l aye r  ca t ions  (1 .80-1.85 pfu) .  

Chlorite. Chlo r i t e  (Tab le  3) has a high F e ( F e + M g )  
ra t io  (0 .69-0 .78) ,  and  is bes t  de sc r ibed  as chamos i t e  
(Bayl iss  1975). Such Fe - r i ch  ch lor i te  o f  d i agene t i c  or igin 
in s e d i m e n t a r y  rocks  has been  o b s e r v e d  by  m a n y  o t h e r  
w orke r s  (e .g .  H a y e s  1970, Lee  et al. 1984, Cur t i s  et al. 
1985, D i m b e r l i n e  1986, M i lodow sk i  & Za las iewicz  
1991). The  f o r m u l a e  of  chlor i te  show a large  range  of  
excess  A 1  vI (0.06--0.18 pfu)  over  A1TM, and  this is 

charac te r i s t i c  of  l ow-grade  m e t a m o r p h i c  ch lor i te  in clas- 
tic s e d i m e n t a r y  rocks  (Boles  & C o o m b s  1977, R a m a m o -  
hana  R a o  1977, Eva r t s  & Schif fman 1983, W e a v e r  1984, 
M o r a d  1986, A g u i r r e  & A t h e r t o n  1987), and  has  been  
r e l a t ed  to the  a m o u n t  of  i n t e r l a ye r e d  e x p a n d a b l e  
ma te r i a l  by  Shau  et al. (1990). 

Bedd ing -pa ra l l e l  ma t r ix  chlor i te  has the  lowest  Fe /  
(Fe  + Mg)  ra t io  whereas  ch lor i te  in s tacks  has the  h ighes t  
ra t io  (see  T a b l e  3). O n  the  o t h e r  hand ,  the  Mg con ten t  of  
ma t r ix  ch lor i te  in the  c leavage  o r i en t a t i on  is s l ightly 
r icher  than  tha t  of  ch lor i te  in s tacks and  p o o r e r  than  tha t  
of  ma t r ix  chlor i te  in the  be dd ing  o r i en t a t i on ,  and  has  an 
F e / ( F e + M g )  ra t io  i n t e r m e d i a t e  b e t w e e n  the  two.  M i n o r  
Mn (0 .02-0 .06  pfu)  was also d e t e c t e d  in all types  of  
ch lor i te .  

D I S C U S S I O N  

O b s e r v a t i o n s  of  de t a i l ed  crysta l  s t ruc tura l  and  chemi-  
cal re la t ions  of  the  var ious  phyl los i l ica tes  in the  s tud ied  
s amp le  p lace  cons t ra in ts  on the  f o r m a t i o n  of  c h l o r i t e -  
mica  s tacks ,  the  na tu r e  of  p recu r so r s ,  a l t e r a t ion  mech-  
an ism,  and  in te rac t ion  b e t w e e n  c h l o r i t e - m i c a  s tacks  and  
mat r ix  phyl los i l ica tes .  These  topics  will be  d iscussed in 
the  fo l lowing sect ions.  
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Origin o f  chlorite-mica stacks 

Textural relationships between chlorite-mica stacks 
and the spaced cleavage suggest that the stacks were 
present prior to or early in the development of the 
cleavage. The pre- to early cleavage origin of the stacks 
has been recognized by many workers (Frey 1970, 1978, 
White & Knipe 1978, Craig et al. 1982, Woodland 1982, 
1985, van der Pluijm & Kaars-Sijpesteijn 1984, Dimber- 
line 1986, Milodowski & Zalasiewicz 1991). The size 
distribution and morphology of chlorite-mica stacks, 
and their general parallelism with bedding (Miiodowski 
& Zalasiewicz 1991) collectively lead to the conclusion 
that stacks originated from detritai-like grains. 

The majority of the stacks in this study were observed 
to be in hydrodynamic equilibrium with the largest 
associated quartz and feldspar clasts (see also Dimber- 
line 1986, Milodowski & Zalasiewicz 1991), especially at 
the bottom of sedimentary units, a property consistent 
with a detrital origin. As suggested by Milodowski & 
Zalasiewicz (1991), the more rapid decrease in quartz 
and feldspar clast sizes and populations toward the top 
of the turbidite units relative to the size of stacks can be 
explained in part by the slower settling rates of mica- 
ceous detrital grains due to greater buoyancy. In addi- 
tion, irregular detrital quartz grains much larger than 
stacks are occasionally observed (Fig. 2c), indicating 
that the largest quartz clasts associated with stacks may 
be larger than those observed by other workers, who 
argued that sizes of quartz and feldspar are too small 
compared with those of stacks (e.g. Craig et al. 1982, Pye 
& Krinsley 1983). Craig et al. (1982) and Pye & Krinsley 
(1983) rejected an altered detrital origin because of the 
complexity of intergrowths of chlorite and mica. In fact, 
intergrowths of chlorite and white mica as complex as 
those observed by Craig et al. (1982) have been seen in 
diagenetically altered biotite in shales, siltstones and 
sandstones (Morad 1986), and in sedimentary and meta- 
morphic rocks described by White et al. (1985). Further- 
more, deformation textures such as kinking, bending, 
and cleavage cross-cutting stacks (e.g. Milodowski & 
Zalasiewicz 1991) also increase the complexity of the 
intergrowths. The complexity of chlorite-mica inter- 
growths, therefore, is very likely the result of alteration 
of detrital grains through a combination of diagenetic. 
metamorphic and tectonic events. 

Indirect evidence of the detrital origin of the chlorite- 
mica stacks is provided by the differing compositions of 
white mica and chlorite in stacks compared with those of 
white mica and chlorite in the matrix. This evidence 
suggests that the stacks formed at different times from a 
very different precursor bulk composition from those of 
phyliosilicates in the matrix, and clearly discounts the 
conclusion that stacks are a mimetic replacement of clay 
minerals such as smectite (Craig et al. 1982, Woodland 
1982, 1985). These compositional differences reflect 
several limits to diffusion such as diffusion distances, 
and hence the size of 'equilibration' domains controlled 
by the low temperature of late diagenesis and very low- 
grade metamorphism. In addition, detrital-like white 

mica which is not intergrown with chlorite is homogene- 
ous muscovite with a significant paragonite component 
in solid solution, implying that it does not have a direct 
relationship with formation of mica in chlorite-mica 
stacks. If stacks originated as chlorite overgrowths on 
detrital micas (e.g. Voll 1960, van der Pluijm & Kaars- 
Sijpesteijn 1984), white mica intergrowths in stacks 
would also contain a considerable paragonite com- 
ponent, but this is not the case; white micas in stacks are 
phengitic in composition with much less Na than 
detrital-like white micas. 

The data presented indicate that chlorite-mica stacks, 
derived from a detrital precursor, have undergone con- 
siderable textural change in response to diagensis and 
very low-grade metamorphism. As observed from SEM 
images, early-formed chlorite-mica intergrowths in 
stacks are truncated along the cleavage, and some mica 
intertayers in stacks have been folded (see also van der 
Piuijm & Kaars-Sijpesteijn 1984, Dimberline 1986, 
Milodowski & Zalasiewicz 1991). Some late white mica 
containing much less Fe than pre-existing white mica in 
stacks, cross-cuts the cleavage within stacks and is unde- 
formed. However, TEM observations show little evi- 
dence of intracrystalline strain features within chlorite- 
mica stacks, in contrast to the stack deformation dis- 
played by BSE images, and therefore imply consider- 
able internal modification of the deformed crystal struc- 
ture. Internal modification of the chlorite-mica stacks 
also appears as homogenized phyUosilicate compo- 
sitions. For example, chlorite in stacks has an Fe-rich 
composition with a range of excess AI vl over AI TM, 
characteristic of a diagenetic origin. It is homogeneous 
chamosite with only a small range of composition. In 
addition, white mica in stacks is a relatively homogene- 
ous phengitic muscovite with a very small amount of 
paragonite component and is a 2M1 polytype which is 
characteristic of mature white mica. Such limited ranges 
in chemical compositions of both chlorite and white mica 
suggests that the mineralogy of the stacks is the result of 
equilibrium conditions attained during diagenesis and 
very low-grade metamorphism, with such a process 
having been facilitated by exchange with fluids. We 
therefore infer that intergrowths of chlorite and white 
mica in stacks are due to alteration of an original detrital 
precursor during late diagenetic to early metamorphic 
processes prior to tcctonism and cleavage formation. 
The fact that the packets of intergrown chlorite and mica 
in stacks are significantly larger than those occurring as 
matrix phytlosilicates (Table 1) suggests that, to some 
extent, packet size may have been inherited from a 
phyllosilicate precursor. 

Nature o f  precursor and alteration mechanism 

No relict phases are seen in SEM and TEM images of 
chlorite-mica stacks, suggesting complete alteration of 
the detrital precursor during diagenesis and very low- 
grade metamorphism. However, abundant titanium ox- 
ide grains are found within chlorite in stacks or sur- 
rounding the chlorite-mica stacks, but are less common 
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in other areas. In addition, white mica in stacks is 
unusual in having considerable Ti, whereas detrital-like 
white mica and matrix white mica have the low Ti 
contents typically found in white micas. The significant 
Ti content of volcanic biotite suggests that it is a prob- 
able precursor of much of the stack chlorite, as proposed 
by previous studies. For example, remnants of biotite 
were observed in chlorite-mica stacks in slates in central 
Wales by Dimberline (1986) who showed that the chemi- 
cal compositions of igneous biotite and the average 
chlorite-mica stacks are similar. Remnant biotite has 
also been found in stacks in many other sedimentary 
rocks that have undergone very low- and low-grade 
metamorphism (e.g. Williams 1972, Weaver 1984, 
AIDahan & Morad 1986, Morad 1986, 1990). Jiang 
(1993) observed TiO2 grains in direct association with 
corrensite and chlorite that largely replaced biotite of 
volcanic origin in low grade sediments of the Gasp6 
Peninsula, Qurbec. Detrital biotite grains in prehnite- 
pumpellyite facies metagreywackes from South Island, 
New Zealand, were found to have intergrowths of chlor- 
ite and phengite in variable proportions, with sphene 
sometimes forming clusters within or aligned along the 
interfaces between chlorite and phengite (White et al. 
1985). Grubb & Peacor (unpublished data) observed 
both rutile and sphene directly associated with partial 
alteration of biotite in volcanoclastic rocks from New 
Zealand. Jiang (1993) has shown that for sediments in 
Qurbec, chlorite occurring as a major component of 
pelites may be derived on a massive scale through 
alteration of volcanic biotite. Although a likely precur- 
sor of the chlorite-mica stacks, therefore, was primarily 
volcanic biotite, some stacks have euhedral or subhedral 
shapes resembling amphibole or pyroxene minerals 
which, if volcanogenic, may also contain considerable 
Ti. Therefore, the precursor minerals of the stacks may 
also have included an unknown proportion of amphibole 
or pyroxene (Milodowski & Zalasiewicz 1991). The 
precursor minerals for stack development were prob- 
ably derived from the volcanogenic detritus which forms 
a substantial part of the sediment input to the Welsh 
Basin (Roberts & Merriman 1990). Although volcani- 
city within the Welsh Basin had ceased by the end of the 
Caradoc (Howells et al. 1991), there is abundant evi- 
dence in the form of thin bentonite beds in Silurian strata 
(Teale & Spears 1986, Huff & Morgan 1989), that 
volcanic activity continued in regions adjacent to the 
basin. However, since the stacks occur predominantly in 
turbidites, reworked volcanic detritus (as opposed to 
airborne ash) must have supplied the bulk of the precur- 
sor material for stack development. Studies of paleocur- 
rent directions indicate that this detritus were derived 
mainly from sources to the east and southeast of the 
central Welsh Basin during the Llandovery (Fletcher et 
al. in press). A possible source was the calc-alkaline 
volcanic arc of probable Ordovician age which is now 
concealed beneath eastern England (Pharaoh et al. 
1991). 

Direct alteration of biotite to chlorite during diagene- 
sis and low-grade metamorphism has been described by 

a number of workers (e.g. Ferry 1978, 1979, Veblen & 
Ferry 1983, White et al. 1985, AIDahan & Morad 1986, 
Morad 1986, 1990, Morad & AIDahan 1986). Ferry 
(1979) proposed that chlorite replaces biotite through 
growth of brucite-like layers in the interlayer planes of 
mica. Veblen & Ferry (1983) studied the mechanism of 
the biotite--chlorite reaction using high-resolution TEM, 
and concluded that chlorite forms from biotite by the 
removal of a tetrahedral sheet from the biotite TOT 
(tetrahedral-octahedral-tetrahedral) layer and the for- 
mation of a brucite-like layer in the chlorite structure. In 
both mechanisms, the alteration of biotite to chlorite is a 
layer-by-layer transformation. Replacement of biotite 
by chlorite through progressive alteration of biotite 
layers into chlorite layers has been demonstrated by 
TEM observations in many cases (e.g. Banos etal .  1983, 
Veblen & Ferry 1983, Jiang 1993). It is a reaction that is 
promoted by both the chemical and structural simi- 
larities (trioctahedral 2:1 layers) between biotite and 
chlorite, and gives rise to coherent layer sequences that 
directly replace original biotite layers. Such a process 
would be expected to give rise to optically continuous 
coherent aggregates, and indeed optical continuity of 
different chlorite packets within a single grain of a large 
proportion of undeformed stacks is generally the case. 

In contrast to chlorite, discrete mica packets within 
chlorite-mica stacks do not behave as an optically con- 
tinuous body. The packets of white mica within chlorite 
in stacks have lenticular shapes, and they appear to fill 
cleavage openings in chlorite as observed in SEM im- 
ages. Layers of white mica are observed to terminate 
against continuous layers of chlorite at their subparallel 
boundaries in some TEM lattice fringe images. Such 
observations are inconsistent with a layer-by-layer alter- 
ation mechanism, which requires optical continuity and 
parallel boundaries between different packets of the 
same phase within the same grain. Consistent with this 
relation, no layer-by-layer transformation of biotite to 
muscovite or phengite has hitherto been documented by 
TEM observations, although biotite alteration has 
received intensive investigation (see references above). 

Morad & AIDahan (1986) studied the diagenetic 
alteration of detrital biotite to chlorite and illite, and 
found that illite appeared to grow along the cleavage 
planes of biotite rather than to form through layer-by- 
layer transitions (see fig. 5b in Morad & AIDahan 1986). 
The chemical dissimilarity between source trioctahedral 
biotite and product dioctahedral white mica mediates 
against such direct replacement, and the observations of 
Morad & AIDahan (1986) are consistent with formation 
of white mica in stacks during initial deformation of 
chlorite (+ altered biotite) when strain caused cleavage 
openings along (001) planes. 

Biotite has also been shown to be replaced by expand- 
able, trioctahedral phyllosilicates, which may sub- 
sequently be directly replaced by chlorite in prograde 
sequences. For example, Kisch (1983), Curtis et al. 
(1985), Eggleton & Banfield (1985) and Ilton & Veblen 
(1988) have demonstrated vermiculite, smectite or 
hydrobiotite replacements of biotite; the latter studies 
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showing HRTEM images of direct layer replacements. 
Jiang (1993) showed in a prograde sequence of pelitic 
rocks in which both corrensite and chlorite initially 
replaced biotite of a volcanic origin, and where the 
expandable component was replaced by chlorite during 
progressive prograde metamorphism. The general pro- 
grade sequence of trioctahedral phyllosilicates trans- 
forming from smectite to corrensite to chlorite has been 
well characterized (e.g. Inoue etal.  1984, Inoue & Utada 
1991, Shau et al. 1990, Shau & Peacor 1989, 1992, 
Schiffman & Fridleifsson 199l). Initially therefore, bio- 
tite may have been altered to vermiculite or trioctahed- 
ral smectite and through corrensite to chlorite during the 
formation of the stacks. Such a sequence is more likely 
where stacks developed by replacement of amphibole or 
pyroxene. 

The alteration of ferromagnesian minerals, including 
biotite, to expandable trioctahedral phyllosilicates is 
one of the earliest water-rock hydration reactions to 
occur following the eruption of volcanic rocks (e.g. 
April & Keller 1992). For this reason it is likely that 
much of the precursor materials for stack development 
was already partially altered to expandable trioctahedral 
phyllosilicates prior to turbiditic transport and depo- 
sition. The early hydration and vermicular expansion of 
biotite could explain how these mineral flakes were 
apparently able to achieve hydrodynamic equivalence 
with other detritus in the turbidites. 

Interaction between chlori te-mica stacks and other phyl-  
losilicates 

The BSE images of chlorite-mica stacks show various 
strain features such as kinking, folding and cross-cutting 
by cleavage, low-angle boundaries between chorite- 
mica packets, and an anastomosing network of chlorite 
and mica. It was therefore fully expected that numerous 
intracrystalline strain features would be observed at the 
TEM level. However, TEM study showed little evidence 
of such strain features. For example, only limited kink- 
ing, curvature and numbers of edge dislocations within 
phyllosilicate packets in stacks are observed in lattice 
fringe images. Moreover, some boundaries between 
chlorite and mica packets are apparently semi-coherent 
to coherent, indicating that there must have been some 
dissolution-recrystallization along the boundaries with 
some loss of original textural features. The absence of 
strain features at the TEM level indicates that phyllosili- 
cates in stacks have been subject to dissolution and 
crystallization, and that imperfections in crystals associ- 
ated with strain have been mostly removed. A crystal 
with a high density of dislocations, such as a plastically 
deformed crystal, has a greatly increased free energy 
(internal strain energy). Such crystals tend to recrystal- 
lize more readily than crystals with low dislocation 
densities. For instance, Lee et al. (1985) have docu- 
mented the general decrease in dislocation density of 
phyllosilicates in shales and slates with increasing degree 
of diagenesis and metamorphism. This represents a 
trend toward more perfect, homogeneous crystals with 

lower internal energy that approaches equilibrium 
states. These processes are thermally activated and 
diffusive in nature. Such changes, however, occur very 
slowly in phyllosilicates at low temperature in the ab- 
sence of a fluid. The presence of fluid-mediated dissol- 
ution and crystallization is demonstrated by the occur- 
rence of chlorite and white mica in the cleavage 
orientation with subhedral crystal shapes and perfect 
internal structure. Such crystals have even larger grain 
sizes than, for example, those euhedral or subhedral 
chlorite and illite crystals observed in samples from the 
Salton Sea area, where phyllosilicate have undergone 
hydrothermal crystallization (Yau et al. 1987b) or those 
in samples from Triassic volcanogenic sediments in 
Southland, New Zealand, which were formed through 
crystallization following dissolution of smectite (Ahn et 
al. 1988). 

As described in previous sections, white mica and 
chlorite in stacks have distinctly different compositions 
from white mica and chlorite in the matrix, suggesting 
that they formed at different times from different pre- 
cursor minerals at low temperature. Moreover, 
bedding- and cleavage-parallel phyllosilicates in the 
matrix not only have different structural and textural 
features but also have different compositions, implying 
formation at different stages. During deformation and 
cleavage formation, the temperature was relatively high 
(3T micas in the cleavage fabric), diffusion distances 
were greater, so that Fe, in particular, was supplied from 
the stacks, and the domains approaching equilibrium 
were larger than those of bedding-parallel phyliosili- 
cates. Such an explanation is also suggested by the 
association of discrete phengitic muscovite and parago- 
nite developed in cleavage orientation compared with 
the occurrence of intermediate Na/K mica in bedding 
orientation. The occurrence of evolved white mica in 
bedding-parallel and cleavage-parallel orientations can 
be related to patterns of regional metamorphism in the 
central Welsh Basin (Roberts et al. 1991, Merriman et al. 
1992). Crystallization of bedding-parallel white mica is 
related to a depth-of-burial-related pattern of metamor- 
phism, with grade ranging from late diagenetic to epizo- 
nal. Accelerated growth of cleavage-parallel white mica 
occurred within high strain zones, and generally 
increased crystallite sizes beyond those generated by 
burial alone (Roberts et al. 1991). A recent study of Sm- 
Nd dating of clay separates from a prograde sequence of 
Ordovician pelites in Wales by Ohr et al. (1992) showed 
that uncleaved mudrocks, in which diagenetic bedding- 
parallel white mica is dominant, give Sm-Nd ages of 
458-473 Ma, an age corresponding to the deposition or 
early burial of sediments. By contrast, the anchizonal 
and epizonal samples with a well-developed cleavage 
give Sm-Nd ages as young as 415 Ma but with a large 
range, which is consistent with the formation of a second 
population of white mica in response to Lower Devo- 
nian regional metamorphism and deformation at ca 390 
Ma. These results further verify that mudrocks in the 
Welsh basin have undergone dissolution-crystallization 
during low-grade metamorphism. 
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Dissolution-crystallization can give rise to discontinu- 
ous changes in the composition of white mica and 
chlorite (Knipe 1979, Lee & Peacor 1985). When K and 
Al are available in solution, illite exhibits an increase in 
both K and Al and a decrease in Si as it approaches the 
ideal muscovite composition (e.g. Hower et al. 1976, 
Hoffman & Hower 1979). In this case, however, no 
significant increase in K and A1 components was found 
in white mica parallel to the cleavage compared to white 
mica parallel to bedding, simply because the latter had 
already attained a composition approaching that of 
evolved mica. On the other hand, the ranges in Na 
component of cleavage-parallel and bedding-parallel 
white mica are different. High Na/(Na+K) ratios 
characterize the bedding-parallel white mica and reflect 
an unusually high Na content in the original turbidite 
mud matrix. This implies that the original matrix was 
smectite-rich and probably derived from argillized 
glassy ash rich in Na and other exchangeable cations. 
Cleavage-parallel white mica has compositions inter- 
mediate between those of bedding-parallel white mica 
and white mica in chlorite-mica stacks. It is similar to the 
former in its higher Na/(Na+K) ratios and to the latter 
in its higher Si/AI and Fe/(Fe+Mg) ratios, and Fe and 
Mg contents. The phengitic component of white mica in 
the cleavage orientation is representative of higher 
grade conditions, and consistent with the occurrence of 
3T polytype. Moreover, cleavage-parallel chlorite also 
has a Fe composition intermediate to that parallel to 
bedding (lower Fe content) and that in stacks (higher Fe 
content). In contrast, Knipe (1979) observed that the Fe 
content of chlorite in the bedding orientation is rela- 
tively greater than that of cleavage-parallel chlorite. 
Similar observations have also been made in shaly lime- 
stone of the Kalkburg Formation, New York, where 
chlorite that was formed during pressure solution tends 
to have lower Fe contents (Kreutzberger & Peacor 
1988). The relatively higher Fe content of cleavage- 
parallel chlorite compared to that of chlorite in the 
bedding orientation in this study is probably due to 
partial dissolution of chlorite in the stacks. This is 
consistent with the interpretation that chlorite-mica 
stacks are actively involved in the chemical changes that 
occur during cleavage formation (see also Beach 1979). 
Partial dissolution of both stacks and bedding-parallel 
phases provided the constituents that resulted in the 
compositions of the cleavage-parallel white mica and 
chlorite being different from those of their bedding- 
parallel equivalents. Thus, the changes in composition 
of white mica and chlorite are related to the components 
available in solution and in pre-existing minerals, i.e. 
pre-existing chlorite-mica stacks also contributed to the 
formation of cleavage-parallel phyllosilicates in slates in 
central Wales. 

In summary, the textural and mineralogical evolution 
of chlorite-mica stacks and phyllosilicates in the matrix 
can be described as follows. 

Stage 1. Deposition of turbiditic mud consisting of 
volcanogenic biotite, amphibole and pyroxene, together 
with other detrital grains, in a smectite-rich matrix; all 

beddin~ 

expandable 
b t J I bi°tite * tri°ctahedral 

phyllosilicates 

] ...... ] chlorite 

~ white mica 

Iceava e 
Fig. 12. Schematic evolution of a biotite grain to chlorite-mica stacks 
during alteration and cleavage development. An initial biotite grain 
(a) is altered to chlorite via layer-to-layer transition (b). Chlorite-mica 
stacks develop by formation of mica filling the cleavage openings in 
chlorite during deformation, accompanied by shortening parallel to 
basal planes (c). Cleavage formation results in continued shortening, 
deformation of chlorite-mica stacks, and a new orientation of white 

mica (d). 

three ferromagnesian minerals may already have been 
partially altered to expandable trioctahedral phyUosili- 
cares at this stage. 

Stage 2. Early diagenetic alteration of relict biotite 
and other trioctahedral phyllosilicates, to chlorite via 
layer-by-layer transformation (perhaps with an inter- 
mediate expandable component) (Figs. 12a & b); trans- 
formation of smectite clay to illite-smectite and 
chlorite-smectite mixed-layer minerals. 

Stage 3. Progressive burial leading to white mica filling 
of 001 fissures of chlorite (Fig. 12c) as a chlorite-mica 
stacks developed during late diagenesis and very low- 
grade burial metamorphism; matrix phyllosilicates were 
transformed to white mica (2M polytype) and chlorite, 
and a bedding-parallel fabric was enhanced in the mud- 
stone. 

Stage 4. Lower Devonian deformation and metamor- 
phism resulted in modification of stacks during cleavage 
development in the mudstone; fissures formed in the 
stacks were filled by white mica (Fig. 12d); cleavage- 
parallel chlorite and white mica formed by dissolution- 
crystallization of bedding-parallel phyUosilicates; intra- 
crystalline defects in chlorite within stacks were 
annealed by migration of defects and by dissolution- 
crystallization with diffusion of Fe from stacks to 
cleavage-parallel chlorite; late white mica formed in 
cross-cutting seams in deformed stacks. 
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