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A b s t r a c t - - T h e  mudstone-to-slate transition of the Martinsburg Formation at Lehigh Gap,  Pennsylvania,  was 
re-examined using a new transmission-mode X-ray texture goniometer,  supplemented by SEM, XRD,  and 
optical studies. Three mesoscopic zones are recognized in the outcrop: (I) muds tone ,  (II) transition, and (Ill) 
slate zone. In the mudstone zone, the mica basal planes are parallel to bedding whereas the preferred orientation 
of the chlorite basal planes is up to 30 ° shallower than bedding. The angular difference between chlorite and mica 
decreases towards the transition zone, becoming subparallel at ca. 50 m from the contact with the overlying 
Shawangunk Formation,  In the transition zone, the preferred orientations of both mica and chlorite are 
intermediate to bedding and cleavage orientations, which is consistent with mechanical reorientation of 
phyllosilicates. This is supported by a decrease in March strain with a min imum at ca. 95 m from the contact for 
both mica and chlorite. SEM observations similarly show the importance of grain rotation in large detrital grains. 
In the slate zone, both chlorite and mica orientations are parallel to cleavage. Chlorite and mica in the cleavage 
orientation of the slate zone have high Fe contents,  whereas low-Fe mica and Mg > Fe chlorite dominate in the 
mudstone  and transition zone, which indicates that dissolution-neocrystallization is the dominant  mechanism in 
the slate zone. Thus,  mechanical rotation of large detrital grains is important  in the early stages of cleavage 
development ,  with dissolution-neocrystallization occurring at all stages and becoming dominant  in the more 
evolved stages. 

INTRODUCTION 

Slaty cleavage development has been a much-debated 
process for nearly 150 years (e.g. Sorby 1853, Williams 
1972, Wood 1974, White & Knipe 1978, Engelder & 
Marshak 1985). The two principal mechanisms that have 
been proposed for reorientation of phyllosilicates 
associated with cleavage formation are: (1) mechanical 
rotation of pre-existing grains, as implied, for example, 
by detrital phyllosilicate grains that are oriented parallel 
to bedding in the absence of foliation and parallel to 
foliation elsewhere, and (2) dissolution and neocrystaili- 
zation ('pressure solution'). During cleavage formation, 
phyllosilicate grains aligned with (001) approximately 
parallel to the maximum shortening direction, Z, be- 
come preferentially strained (e.g. Hobbs etal. 1976, van 
der Pluijm & Kaars-Sijpesteijn 1984). Dissolution with 
subsequent neocrystallization will preferentially affect 
deformed grains because they have high internal strain 
energy (Wintsch 1985). Thus, the proportion of phyllosi- 
licate grains inclined to the X Y  plane at large angles 
decreases. New grains may crystallize with (001) planes 
parallel to the developing foliation under the influence 
of stress (Kamb 1959), or parallel to the planar surface of 
pre-existing grains (Oertel 1970). 

Mechanical rotation and dissolution/neocrystalliz- 
ation are end-member processes that may be active 
during cleavage formation. Geological parameters such 
as temperature, fluid/rock ratio, the composition of pore 
fluids, porosity, state of lithification, and the strain rate 
may determine which mechanism is dominant. For 

example, at low temperatures or high strain rates, ro- 
tation of inequant grains may be dominant relative to 
dissolution and neocrystallization, whereas at high tem- 
peratures and high fluid/rock ratios dissolution may 
occur so rapidly as to destroy evidence of grain defor- 
mation (Lee et al. 1986). 

The exposure of the Martinsburg Formation at Lehigh 
Gap, Pennsylvania (Fig. 1) has long served as a locality 
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Fig. 1. Geological map and location of the Lehigh Gap outcrop in 
Pennsylvania. Om--Ordov ic ian  Mart insburg Formation. S O s - -  

Silurian Shawangunk Formation.  
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for detailed study of cleavage formation. Well-defined 
slaty cleavage is regionally developed throughout the 
Martinsburg Formation except at Lehigh Gap, where 
there is gradual and continuous development of slaty 
cleavage over a distance of only 100 m. Mudstone is 
preserved at the contact with the overlying Shawangunk 
Formation, presumably because that competent forma- 
tion created a local strain shadow (Epstein & Epstein 
1969), and the mudstone-to-slate transition can be 
clearly traced, with slaty cleavage appearing approxi- 
mately 60 m from the contact. Furthermore, bedding 
uniformly dips ~45 ° to the north, with cleavage oriented 
approximately perpendicular to bedding, thus affording 
a sharp contrast in orientations of these structural ele- 
ments. 

Maxwell (1962) hypothesized that the cleavage in the 
Martinsburg slate is the result of deformation of uncon- 
solidated sediments, with mechanical reorientation dur- 
ing fluid escape as the principal mechanism of cleavage 
formation. Carson (1968) and Alterman (1973) further 
supported this hypothesis, but it was questioned by 
others (e.g. Epstein & Epstein 1969, Boulter 1974, 
Holeywell & Tullis 1975). Holeywell & Tullis (1975) 
utilized an early X-ray pole figure device to measure 
preferred orientations of mica and chlorite across the 
transition. Their observations included: (1) chlorite has 
a preferred orientation that has a rake ~20 ° less steep 
than that of bedding and of the preferred orientation of 
mica, except where chlorite is parallel to the regional 
cleavage; (2) the orientation of mica gradually changes 
towards that of cleavage in advance of chlorite, the 
chlorite orientation being unchanged 30 m further along 
the outcrop. Based on these results, a mechanical ro- 
tation mechanism was ruled out and 'pressure solution' 
was proposed to be the dominant mechanism. This 
interpretation was generally supported by other workers 
employing chemical data (Wintsch 1978, Woodland 
1982, Wintsch etal. 1991), optical studies (Beutner 1978, 
Woodland 1982) and transmission electron microscopy 
(TEM) (Lee et al. 1986). 

Nevertheless, the data supporting only dissolution 
and neocrystallization are incomplete. For example, the 
critical X-ray texture data were obtained only from 
'great-circle scans' (see Holeywell & Tullis 1975 for 
details), rather than from complete pole figures. Sec- 
ondly, phyllosilicates in the fine-grained matrix may 
behave differently than detrital grains as shown, for 
example, in a recent study of Welsh slates (Li et al. 
1994). Detrital phyllosilicate grains were observed to 
occur primarily as chlorite-mica stacks, were oriented 
parallel or subparallel to bedding, and were commonly 
markedly deformed. In contrast, matrix phyllosilicates 
consisted predominantly of authigenic white mica and 
chlorite (not as stacks), with (001) planes oriented 
parallel to either bedding or cleavage. Few grains were 
observed to have orientations intermediate to bedding 
and cleavage, similar to the observations for the 
mudstone-to-slate transition at Lehigh Gap (Lee et al. 
1986). The TEM observations of Lee et al. (1986) were 
only obtained for fine-grained matrix phyllosilicates, 

with no observations of coarse detrital grains. We have 
therefore used an automated pole figure device (van der 
Pluijm et al. 1994), complemented by scanning electron 
microscope (SEM) observations, to resolve questions 
about the relative contributions of mechanical rotation 
and dissolution/neocrystallization to cleavage formation 
at Lehigh Gap and to discriminate between the roles of 
detrital and authigenic grains. 

GEOLOGICAL SETTING AND SAMPLE 
COLLECTION 

The Martinsburg Formation (Keith 1894) forms a 
continuous but poorly exposed belt of outcrops along 
the Appalachian Valley (Fig. 1). It was deposited as a 
sequence of greywackes and mudstones, characterized 
by well-developed shelf, slope, and basin facies. The 
Martinsburg Formation, together with the underlying 
Jacksonburg Limestone, recorded the Middle Ordovi- 
cian transition of the North American continent from a 
tectonically passive carbonate shelf to an active plate 
margin (Lash 1987, Stephens & Wright 1981). By the 
end of Late Ordovician time, the Martinsburg basin was 
filled with shallow-water-subaerial clastic sediment of 
the overlying Shawangunk Formation. Cleavage devel- 
oped regionally during the late Paleozoic (Wintsch & 
Kunk 1992, Housen et al. 1993). 

Samples for this study were originally collected for 
magnetic fabric study (Housen & van der Pluijm 1991, 
Housen et al. 1993). From this collection, 13 samples 
separated by 2-20 m were chosen (Table 1 and Fig. 2). 
Semi-quantitative analyses of proportions of major con- 
stituent minerals using integrated intensities from 
powder X-ray diffractometer (XRD) patterns resulted 
in the following approximate weight percents: quartz, 
45%; illite, 35%; chlorite, 10%; plagioclase, 10% (Lee 
et al. 1986). The relative proportions of these four 
dominant minerals are similar for all samples ranging 
through the mudstone-to-slate transition. 

METHODS OF STUDY 

X-ray pole  figure device 

The crystallographic preferred orientation measure- 
ments presented in this paper were performed on a 
modified X-ray pole figure device attached to an Enraf- 
Nonius CAD4 single-crystal diffractometer equipped 
with a Mo source. The device was designed and con- 
structed to measure preferred orientation of phyllosili- 
cates in the transmission mode (Schulz 1949), which 
provides data over a much larger range of orientations 
than the reflection mode (e.g. Wenk 1985). The volume 
of sample analyzed is about 1 mm 2 x 0.2 mm (area x 
thickness). Output from this system is a contoured pole 
figure plot, with intensity normalized and expressed in 
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Table 1. Bedding/cleavage and preferred orientation data of samples 

Sample Reference Distance Bedding Cleavage Mica 1 Mica 2 Chl I Chl 2 

1 10H 6 261/45N 261/45N 266/15N 
2 19AD 34 261/42N 261/42N 257/24N 
3 19BB 37 267/44N 264/46N 257/40N 
4 22AB 50 266/56N - -  - -  
5 22BA 53 286/52N 282/45N 272/40N 
6 23A 74 265/50N 126/48S 230/48N 232/38N 
7 24A 77 259/54N 113/78S 258/28N 113/78S 240/36N 
8 25AC 85 266/53N 114/62S 246/28N 223/22N 
9 25BC 87 262/53N 116/47S 276/72N 252/12N 

10 26AB 91 266/47N 119/54S 286/12N 260/2S 
11 27A 98 260/38N 107/72S 107/62S 
12 28D 104 261/42N 113/74S 250/40N 107/70S 246/34N 
13 31BC 128 264/39N 96/72S 104/68S 

119/78S 

100/60S 
102/68S 
92/78S 

JReference: for comparison with magnetic fabric data (Housen & van der Pluijm 1991). 
2Orientation of fabric element is given as strike/dip. 
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Fig. 2. Schematic diagram of the Lehigh Gap outcrop, showing the bedding and cleavage attitudes and stages of cleavage 
development.  Locations of sample stations and horizontal distance in meters from the Mart insburg-Shawangunk contact 
are marked at the bottom. Three mesoscopic zones are defined in the outcrops: mudstone  (I), transition (II) and slate (III) 

zones. 

multiples of random distribution (m.r.d.).  The system 
and procedure have been described by van der Pluijm et 
al. (1994) and Ho (unpublished M.S. thesis). 

The goniometer performs two kinds of motion. It 
rotates the sample about the axis perpendicular to the 
sample surface (herein called Z rotation), and about the 
axis that defines the angle 20 (herein called m rotation), 
as shown in Wenk (1985). The scan range is sampled in 
steps, and covers a range with 144 increments, each of 
2.5 ° of the g rotation (changing azimuth angle), and nine 
increments of 5 ° for the w rotation (changing pole 
distance). This type of scan covers approximately three 
fourths of angular space, and is distinct from the 'great- 
circle scan' used by Holeywell & Tullis (1975), where 
data are obtained only for one great circle normal to the 
sample surface. Time of measurement at each sample 
point can be varied, but results from the same sample 
but for different times show that times as short as 2 s 
effectively give the same result as those for 10 s, with 
only a small reduction in precision (Ho, unpublished 
M.S. thesis). The 10-A peak was used as a measure of 
mica (001) orientation, and the 7-A peak for chlorite 
(002) was used, in part because kaolinite, which when 
present gives a peak at the same position, is absent or 
present in negligible amounts (Lee et al. 1986). We note 
that texture goniometry is generally able to resolve 
multiple maxima within a sample, rather than average 
their orientations, as is the case in, for example, mag- 
netic fabric analysis. 

Sample preparation 

Two sections, one for X-ray measurements and one 
for SEM observations, were prepared from each 
sample. A section about 200/~m in thickness, cut per- 
pendicular to both bedding and cleavage, was first 
obtained. The thickness of this section was measured in 
order to calculate X-ray absorption factors. A polished 
thin section was subsequently prepared for SEM obser- 
vations with surface oriented parallel to that of the first 
section. 

MARCH MODEL 

The March model (March 1932) is a mathematical 
model that predicts changes in preferred orientations, 
and has been used as a measure of strain in natural rocks 
(e.g. Tullis & Wood 1975, Oertel 1983, C h e n &  Oertel 
1989, Chen & Oertel 1991). The March model is con- 
cerned with the geometrical consequences of homo- 
geneous strain that uniformly affects all components of a 
given material. Grains with measurable orientations 
only play a role of passive markers and are taken to be 
otherwise mechanically indistinguishable from the rock 
in which they are embedded. The orientation of markers 
is measured by pole figure analysis and the changes in 
orientation can be reflected in the changes in the pole 
figure. March (1932) derived a formula relating the final 
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pole densities in the principal directions of the strain to 
an original uniform density. The relationship is: e i = 

0[  1/3, where e i is a principal strain, expressed as the 
change of length divided by the original length, and Pi is 
a principal pole density, normalized by dividing it by the 
average pole density for all orientations. The principal 
strain refers to the total strain that a homogeneous rock 
has undergone if it formed without preferred orientation 
of its constituent grains, or to the relative strain if there 
was a preferred orientation in the original rock and that 
original fabric can be characterized. 

Mechanical rotation of grains, however, is not the 
only process contributing to cleavage formation, and it is 
therefore not clear that the March model can represent 
the actual strain state if other mechanisms are active, 
and also not clear whether all other assumptions of the 
model are valid. Etheridge & Oertel (1979) further 
pointed out that it is important to distinguish results 
referring to tectonic strain from those that measure the 
total strain, where the latter includes any pre-tectonic 
deformation. In spite of these limitations, the March 
model does provide a quantitative measure of the rela- 
tive geometry and intensity of the orientation distri- 
bution (the shape of the preferred orientation ellipsoid). 
In this paper we therefore use the March model as an 
analytical tool to make comparisons of the differences in 
degree of preferred orientation between samples on a 
quantitative basis. The values derived from the March 
model will be referred to as 'March strains' in this paper 
to distinguish them from tectonic or total strain. 

RESULTS 

mesoscopic zones are: (I) mudstone zone, (II) transition 
zone, and (III) slate zone. 

Mica (001) planes are preferentially oriented subpar- 
allel to bedding up to sample 3 (mudstone zone), but 
shift away from bedding in progressive samples in the 
transition zone. For sample 7, in the transition zone, two 
preferred orientations were found, a weaker one in the 
bedding orientation, and a stronger one parallel to the 
cleavage orientation. The measured preferred orien- 
tation of mica shifts slightly further toward the cleavage 
orientation in samples 8 and 9, with a large shift to the 
cleavage orientation occurring for sample 11. In all 
samples from the slate zone (samples 11-13), there is a 
mica preferred orientation parallel to the cleavage. 
There is a second, weaker preferred orientation in the 
bedding orientation only for sample 12. 

The preferred orientations of chlorite in those 
samples that do not have a mesoscopic cleavage define a 
path that is slightly different from that of mica. Closest 
to the contact with the Shawangunk Formation, the 
preferred orientation of chlorite is approximately 30 ° 
shallower than bedding. It approaches the mica orien- 
tation in sample 3, and the two orientations remain 
subparallel further along the outcrop, i.e. chlorite shifts 
increasingly away from bedding, toward the cleavage 
orientation. Two preferred orientations of equal inten- 
sity were observed for sample 7, parallel to bedding and 
cleavage, respectively. A large shift occurs between 
sample 10 and sample 11. All the samples in the slate 
zone (samples 11-13) have chlorite preferred orien- 
tation parallel to cleavage. Sample 12 also has a weak 
chlorite preferred orientation in the bedding orien- 
tation. 

Crys ta l lographic  pre ferred  orientat ion 

Intensity data were obtained for 13 samples using a 
pole-figure device, and corrected for background, ir- 
radiated volume, and absorption effects (van der Pluijm 
et al. 1994). Contoured intensity data were plotted as 
equal-area projections in the specimen co-ordinate sys- 
tem. For most samples, two sets of data from different 
areas were obtained for comparison. There is little 
difference in both orientation and intensity for such sets 
of samples with well-defined maxima (e.g. sample 1). 
The differences are up to 10 ° in orientation and 8% in 
intensity for samples with ill-defined maxima (e.g. 
sample 9). Figure 3 shows results for representative data 
sets for all samples. Given the orientations of the 
samples, the preferred orientations of mica and chlorite 
for each sample in the geographical co-ordinate system 
were reconstructed. These data are included in Table 1. 
Lower-hemisphere equal-area projections for the pre- 
ferred orientations of the mica (001) and chlorite (002) 
reflections of all samples in geographical co-ordinates 
are shown in Figs. 4(a) & (b). For reference, the bedding 
and cleavage orientations along the outcrop are also 
given (Fig. 4c). The outcrop is subdivided into three 
zones based on field observations of cleavage. These 

M a r c h  strains 

March strains are shown in Fig. 5, which is a plot of the 
value of e3, as listed in Table 3. Maximum March strains 
of mica occur in samples 2 and 13, and are a minimum in 
sample 11. Between samples 2 and 11, there is a trend of 
generally decreasing March strains, whereas they in- 
crease beyond sample 11. 

The values for chlorite show a similar trend, but are 
less well-defined in the transition zone. The March 
strains reach a maximum at sample 2, a minimum at 
sample 10, and vary irregularly between these two 
points. Large strains occur in samples 6 and 8, and a 
small strain in sample 7. However,  because of the 
presence of two equally intense preferred orientations in 
sample 7, this March strain is not meaningful. There- 
fore, a dashed line is drawn, connecting samples 6 and 8. 
As for mica, the March strains for chlorite increase 
beyond sample 10. 

S E M  observat ions  

All SEM images were obtained in back-scattered 
electron (BSE) mode. The images shown in Fig. 6 are 
oriented so that the bedding and cleavage directions are 
the same in each image. Moreover,  the images 
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1 2 3 4 5 

10 6 7 8 9 

11 12 13 
Fig. 3. Equal-area projections of mica (001) (upper row) and chlorite (002) (lower row). Poles to bedding and cleavage are in 
N-S and E - W  directions, respectively. No data can be obtained in the central area of the projections, due to the angular  
limitation of the transmission mode.  Plots are contoured in multiples of random distribution (m.r .d.) .  Contour  interval is 

0.3 m.r .d,  for all plots. Maximum and first contour for each sample are listed in Table 2. 

Table 2. Maximum and first contour for projections in Fig. 3 

Mica Chlorite 

1 6 3.49 0.10 3.60 0.30 
2 34 4.80 0.30 4.38 0.10 
3 37 3.57 0.20 2.94 0.20 
4 50 2.21 0.10 2.58 0.10 
5 53 3.04 0.30 2.63 0.20 
6 74 3.13 0.10 3.48 0.10 
7 77 2.90 0.20 2.30 0.20 
8 85 3.03 0.30 4.09 0.10 
9 87 2.50 0.10 2.35 0.20 

10 91 2.31 0.20 2.27 0.10 
11 98 2.43 0.30 2.53 0.10 
12 104 2.65 0.20 2.99 0.20 
13 128 4.66 0.10 3.77 0.10 

Sample Distance Maximum Contour  "1) Maximum Contour  (1) 
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Fig. 4. Equal-area projections of fabric elements in each sample in geographic co-ordinate system; (a) preferred orientation 
of chlorite (002); (b) preferred orientation of mica (001); and (c) bedding and cleavage orientations. Mean bedding and 

cleavage orientations are based on measurements across the entire outcrop. 

correspond to the areas analyzed with the texture goni- 
ometer. It is important to note that such SEM images 
provide resolution only of phyllosilicate grains 10/~m 
and larger in longest dimension (2-30/~m in thickness). 
We refer to these larger grains, rectangular to ovoid or 
subangular in outline, as detrital, as there is much 
evidence (see below) to indicate that all or much of the 
chlorite was originally detrital biotite that was modified 
during diagenesis and metamorphism (Woodland 1982). 
On the other hand, grains in the fine-grained matrix, 
which are presumably largely authigenic in origin, are 
resolvable only with TEM images. 

Samples closer to the contact than sample 6 (Figs. 6a 
& b) exhibit little deformation, with (001) planes of mica 
grains being predominantly parallel to bedding and 
(001) planes of chlorite grains subparallel to bedding. 
The difference in orientation of chlorite (001) planes and 
bedding varies with the distance from the contact. In 
samples 6, 8, 9 and 10 (cf. Figs. 6c-e), deformed mica 
and chlorite grains have a variety of orientations. In 
samples beyond sample 11, thin bands of phyllosilicates 
define the-cleavage (Figs. 6f & g). Such bands consist of 
small grains which are generally too small to be resolved 
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Fig. 5. March strains along the mudstone to slate transition, with 
samples numbered. 

on the SEM scale. However, some small crystals have 
euhedral shapes, are elongated parallel to cleavage and 
appear to be authigenic in origin, whereas others appear 
to be rotated and deformed extensions of grains with 
detrital shapes that are still largely oriented parallel to 
bedding. 

Semi-quantitative energy dispersive spectral (EDS) 
analyses were performed using a Hitachi S-570 SEM, 
equipped with a Kevex Quantum EDS system, which is 
capable of analyzing light elements with atomic number 
as low as 5 (Boron). Compositions were obtained for 
mica and chlorite occurring as detrital grains and in the 
cleavage orientation. Chlorite with detritai-like shapes 
shows a narrow range of compositions with Mg > Fe, 
whereas chlorite oriented parallel to cleavage also has a 
narrow range of compositions, but with Fe > Mg. The 
composition of detrital mica falls into two well-defined 
ranges, one having a larger Fe content than the other. 
Domains with two compositions coexist in detrital 
grains, as seen by the differences in gray-level contrast in 
Fig. 6(a). The mica occurring as packets within chlorite- 
mica stacks has uniformly low Fe content, whereas that 
in the cleavage is relatively Fe-rich. The data collectively 
imply that detrital grains, which presumably had a range 
of compositions, were homogenized during diagenesis 
to produce chlorite with Mg > Fe and low-Fe mica, the 
chlorite and mica with larger Fe contents subsequently 
having formed in the cleavage orientation. These data 
qualitatively show that mica and chlorite that formed 
during different events in pelitic rocks may have narrow, 
characteristic ranges of composition, permitting indi- 
vidual grains to be correlated with individual events. 

DISCUSSION 

Orientation data are plotted as rakes in a reference 
plane 098/74 (dip direction/dip) that is perpendicular to 
the average bedding and cleavage intersection in the 
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Table 3. March strains of all samples 

Sample Distance Mica el Mica e2 Mica e3 Chl el Chl e2 Chl e3 

1 6 0.43 0.09 -0 .36 0.45 0.08 -0 .36  
2 34 0.45 0.19 -0 .42 0.45 0.15 -0 .40 
3 37 0.33 0.17 -0 .36 0.30 0.13 -0.31 
4 50 . . . . . .  
5 53 0.34 0.15 -0.35 0.29 0.12 -0.31 
6 74 0.33 0.14 -0 .34  0.32 0.18 -0 .36 
7 77 0.26 0.17 -0.32 0.18 0.12 -0 .24  
7 77 0.19 0.11 -0 .24  
8 85 0.33 0.12 -0.33 0.45 0.12 -0 .38 
9 87 0.25 0.l l  -0 .28 0.24 0.10 -0.27 

10 91 0.18 0.15 -0 .26 0.19 0.13 -0 .26 
11 98 0.19 0.13 -0 .26 0.20 0.15 -0 .28 
12 104 0.23 0.14 -0 .28 0.20 0.20 -0.31 
13 128 0.40 0.21 -0.41 0.33 0.18 -0.37 
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outcrop in order to simplify the presentation, as shown 
in Fig. 7; the reference plane is also plotted in Fig. 4. The 
data will be discussed in reference to the three meso- 
scopic zones recognized in the outcrop. 

M u d s t o n e  z o n e  

The mudstone zone is characterized by mica and 
chlorite preferred orientations that are parallel and 
subparallel to bedding, respectively. Holeywell & Tullis 
(1975) reported that chlorite has a preferred orientation 
with a rake approximately 20 ° less steep than that of 
mica (which is parallel to bedding), except in those slates 
where chlorite is parallel to the regional cleavage. How- 
ever, we observe a trend of convergence of the preferred 
orientations of chlorite toward mica rather than a con- 
stant 20 ° angular difference with mica and bedding. The 
preferred orientation of chlorite (002) planes in samples 
near the contact is up to 30 ° shallower than bedding, but 
that value decreases with increasing distance from the 
contact. At distances further from the contact than 
sample 5, the preferred orientation of chlorite is parallel 
to that of mica, and is at a small angle to bedding. This 
angular difference was further confirmed by SEM obser- 
vations (Figs. 6a & b) as clearly seen in the large detrital 
grains. 

To account for the angular difference between chlor- 
ite and mica preferred orientations in the mudstone, 
Wintsch (1978) proposed that the chlorite was diagene- 
tic in origin. He hypothesized that whereas the mica 
inherited an orientation related to a detrital origin, 
chlorite formed later, following tilting of the beds. 
However, the SEM images shown here demonstrate that 
the grains of chlorite resolvable at this scale have a shape 
typical of detrital grains and are inclined to the mica. Li 
et  al. (1994) and others have shown that such chlorite 
may have originally been some other detrital mineral, 
biotite being a common precursor, and that the mica 
packets included within chlorite were introduced after 
deposition. Nevertheless, even though the chlorite 
grains have been severely modified, their shapes are 
typical of detrital grains and most likely reflect deposit- 
ional conditions. The initial differences in mica and 
chlorite orientations therefore remain unexplained. 
$~ 17~3-D 

Sla te  z o n e  

X-ray pole figure data show that both mica and chlor- 
ite have preferred orientations in the cleavage direction. 
SEM images (Figs. 6f & g) clearly show the presence of 
phyllosilicate-rich bands oriented parallel to cleavage. 
Qualitative EDS analyses invariably contain contri- 
butions from both chlorite and mica, implying that grain 
sizes are less than the resolution of the method (i.e. < 1 
~tm), even though the phyllosilicates appear to be homo- 
geneous in SEM images. Large detrital grains exhibit 
marked strain features, with portions of some grains 
being bent toward and into the cleavage domains, con- 
sistent with mechanical rotation. However, the small 
crystals of chlorite and mica in the cleavage orientation 
have Fe-rich compositions characteristic of newly 
formed phases, which is consistent with neocrystalliza- 
tion from a pore fluid. 

T r a n s i t i o n  z o n e  

Samples 6-10 document the changes in preferred 
orientations of mica and chlorite from bedding to cleav- 
age orientation. With the exception of sample 7, for 
which the results are anomalous (both bedding and 
cleavage fabrics are observed), the pole figure data show 
that the preferred orientations of both mica (001) planes 
and chlorite (002) planes progressively trend away from 
bedding toward the cleavage orientation, starting at 
about the same position in the outcrop (south of sample 
3). This is in contrast to the observation of Holeywell & 
Tullis (1975) that the chlorite preferred orientation 
remains parallel to bedding 30 m further along the 
outcrop than mica. Most importantly, these data dem- 
onstrate that, as cleavage develops, there is a gradual, 
continuous shift in orientation from bedding toward 
cleavage. Although the maximum shift in orientation is 
half the difference in cleavage and bedding orientations, 
it is nevertheless significant in implying that rotation of 
grains contributes to early cleavage development. 

The preferred orientations as indicated by the pole 
figures for transition zone samples are not as well de- 
fined as those in either the mudstone zone or the slate 
zone. The patterns are more like a band extending 
across the region between bedding and cleavage orien- 
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tations. These patterns suggest a distribution of the c- 
axes of mica and chlorite along the plane orthogonal to 
bedding and cleavage. Moreover, the corresponding 
decrease in March strains (Fig. 5) further suggests that 
the c-axes are distributed over a wider angular range. 
These results are also consistent with a significant com- 
ponent of mechanical rotation of phyllosilicate grains. 

Holeywell & Tullis (1975) argue that the trend in their 
pole figure data toward the cleavage orientation may not 
be caused by mechanical rotation of grains, but that it 
represents the composite of both cleavage and bedding 
orientations. However, this is unlikely for two reasons: 
(1) the pole figure data are able to resolve two separate 
fabrics, as shown, for example, by sample 7 for which 
there are two equally intense preferred orientations of 
chlorite (Fig. 3). Furthermore, a well-defined cleavage 
orientation and a less well-defined bedding orientation 
are observed for both mica and chlorite in sample 12 
(Fig. 3); (2) SEM images (Figs. 6c--e) clearly show 
deformed, detrital grains, portions of which are bent 
toward the cleavage orientation. For example, Fig. 6(c) 
shows two elongate grains with their ends bent into the 
cleavage orientation. Such features are commonly ob- 
served, and are even better defined for samples in the 
slate zone. For the latter, phyllosilicates in the slate zone 
clearly define cleavage, but detrital grains oriented par- 
allel to cleavage and partially rotated into cleavage are 
common. In addition, detritai phyilosilicates in the tran- 
sition zone generally appear to be more deformed away 
from the contact, consistent with the decreasing trend in 
March strains. 

The major difference between samples in the tran- 
sition and slate zones is the absence of thin phyllosilicate 
domains oriented approximately parallel to cleavage in 
the transition zone samples and their presence in slate 
zone samples. The presence of such grains with no 
relation to original detrital grains, their unique chemical 
composition as compared with detrital grains, and the 
fine intergrowth of chlorite and mica unresolvable by 
SEM are consistent with formation by dissolution of 
bedding-parallel grains and neocrystallization in the 
cleavage orientation. Samples that display this feature, 
including sample 7, give pole figures indicating a pre- 
ferred orientation parallel to cleavage. Most import- 
antly, even though pole figures obtained from the 
transition zone indicate an initial gradual trend toward 
cleavage, the data indicate that the bulk of the shift 
toward cleavage occurs over an extremely narrow inter- 
val (between samples 10 and 11). This observation 
provides compelling evidence for dissolution and neoc- 
rystallization as an increasingly important mechanism 
with distance from the contact. 

Among the samples in the transition zone, sample 7 is 
unique because it contains some features like those 
found in samples of the slate zone. Pole figure data 
indicate preferred orientation of mica in the cleavage 
orientation and chlorite in both cleavage and bedding 
orientations; a corresponding BSE image is shown in 
Fig. 6(h). We infer that it represents an intermediate 
stage in cleavage formation in that the change of fabric 

from bedding to cleavage is complete for mica, but only 
partially complete for chlorite. Because dissolution and 
neocrystallization is an important mechanism of cleav- 
age formation, this suggests that the degree of dissol- 
ution is measurably different for different minerals. 

Our observations in this outcrop collectively show 
that dissolution and neocrystallization is an important 
mechanism of cleavage formation, but that there is an 
important component of mechanical rotation. The latter 
is contrary to the results of earlier studies. Holeywell & 
Tullis (1975) showed that mica changes from the bed- 
ding orientation to that of cleavage 30 m before there is a 
corresponding change in the orientation of chlorite. 
Mechanical rotation would have changed the orien- 
tations of both minerals in a similar way, and was 
therefore rejected in favor of dissolution and neocrystal- 
lization. However, Holeywell & Tullis (1975) obtained 
preferred orientation data by using 'great-circle scans'. 
Such limited data is in part misleading, as 'maxima' do 
not always coincide with points along the great circle 
scan (cf. Fig. 3), which explains the apparent discrep- 
ancy with our data. 

Lee et al. (1986) concluded on the basis of TEM 
observations that mechanical deformation was virtually 
absent. Several features were shown as evidence: (1) 
even at the TEM scale, orientations intermediate to 
those of bedding and cleavage are absent. (2) The 
phyllosilicate layers approximately parallel to bedding 
commonly are terminated against straight layers of 
grains oriented approximately parallel to cleavage. (3) 
Strain features were observed only in one instance. 
However, the data of Lee et al. (1986) were obtained 
only from mineral grains in the fine-grained matrix, 
whereas direct observations of mechanical rotation are 
made in SEM images of large detrital grains. It is 
therefore important to distinguish between the behavior 
of fine-grained matrix phyllosilicates and large detrital 
grains. The TEM data are not in conflict with the 
observations of this paper, in that SEM observations 
refer only to detrital grains and TEM data were obtained 
only for authigenic grains, whereas pole figure data 
reflect orientations of both matrix and detrital com- 
ponents. These relations therefore emphasize the sig- 
nificance of integrated results for minerals occurring at 
both the TEM and SEM levels of resolution. 

CONCLUSIONS 

Although dissolution and neocrystallization is the 
dominant mechanism for cleavage formation observed 
for matrix phyllosilicates, mechanical rotation of detrital 
phases plays an important role during the initial stages, 
as indicated by pole figure data and as shown by SEM. 
Collectively, these data imply that mechanical rotation 
and dissolution/neocrystallization are competing mech- 
anisms with the former first being detected at 40 m from 
the contact based on X-ray data. Within the interval 60- 
95 m from the contact (transition zone), mechanical 
rotation dominates the process, as reflected in preferred 
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Fig. 6. Selected BSE images of samples: (a) sample 1: (b) sample 5; (c) sample 6: (d) sample 9; (e) sample 10; (f) sample 1 l: 
(g) sample 13; (h) sample 7. Mica (M). chlorite (C). and quartz (Q) are labeled in (a); minerals can be identified in the other 

images as they display, the same contrast as in (a). 
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Fig. 6. Continued. 
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Fig. 7. Orientation of bedding, cleavage, mica (001), and chlorite (002) 
as a function of the distance from the contact. Bedding and cleavage 
orientations are based on field measurements; mica and chlorite data 
are from X-ray preferred orientation measurements. Data are plotted 
as rakes in the plane 098/74 (dip direction/dip). Three mesoscopic 
zones are recognized in the outcrop: (I) mudstone zone, (II) transition 

zone, and (IIl) slate zone. 

o r i e n t a t i o n s  t h a t  c o n t i n u e  to  sh i f t  t o w a r d  t h e  c l e a v a g e ,  

a n d  a d e g r e e  o f  p r e f e r r e d  o r i e n t a t i o n  t h a t  d e c r e a s e s .  

E v e n  fo r  t h e  s a m p l e s  f r o m  th i s  z o n e ,  h o w e v e r ,  s e l e c t e d  

p o r t i o n s  o f  d e t r i t a l  g r a i n s  w i t h  o r i e n t a t i o n s  p a r a l l e l  to  

c l e a v a g e  h a v e  F e - r i c h  c o m p o s i t i o n s  i n d i c a t i n g  t h a t  t h e y  

f o r m e d  t h r o u g h  n e o c r y s t a l l i z a t i o n .  In  t h e  s l a t e  z o n e ,  

d i s s o l u t i o n  a n d  n e o c r y s t a l l i z a t i o n  w as  t h e  d o m i n a n t  

m e c h a n i s m ,  r e s u l t i n g  in  g r o w t h  o f  c h l o r i t e  a n d  m i c a  in 

t h e  c l e a v a g e  o r i e n t a t i o n ,  w h i c h  l e a d s  to  a w e l l - d e f i n e d  

c l e a v a g e  w i t h  h i g h  M a r c h  s t r a i n s  in t h e  fu l ly  e v o l v e d  

s t a g e s  o f  c l e a v a g e  f o r m a t i o n .  
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