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ABSTRACT 

Microstructural as well as structural analysis of 

amygdules and groundmass of the Catoctin F·ormation located in 

the overturned western limb of the South Mountain anticline 

permit interpretation pertaining to the nature of cleavage 

development. Various -metliods haye been employed in the struct

ural analysis of amygdules, in order to ascertain their 

original shapes and also the nature of the tectonic strain 

ellipsoid. A deformation path has been constructed in logarithmic 

co-ordinates. This appears to be an improvement over the 

arithmatic graph of Wood (1974). Microstructural investigation 

allows recognition of two distinct domains within the groundmass 

and amygdules J i)an early schistosity and ii)a crenulation 

cleavage. Microstructural and structural analysis provide a 

logical explanation of this history. An initial flattening 

episode forming the early schistosity was followed by 

approximately plane strain deformation creating the crenulation 

cleavage. 

xii 



CHAPTER I 

INTRODUCTION 

The area of study is located in the Catoctin Formation 

on the overturned limb of the South Mountain anticline in 

Maryland. Previous work in this area has been carried out by 

Cloos (1947) and Nickelsen (1956). Both authors describe a :-· _

pe~vasive regional cleavage dipping eastward (fanning westward 

and upward) and extending from the Catoctin Formation through 

the overlying clastic sediments of the Chilhowee Group and into 

the Cambrian and Ordivician carbonates. Cloos (1947) and Nickelsen 

(1956) note that in the cleavage surfaces a consistent p~ominent 

lineation oriented normal to the fold axis exists. Although much 

of Cloos'.s work has been directed towards ooids found within the 

Chilhowee Group many of his findings are pertinent to features 

seen in the Catoctin Formation. Cloos maintains that the 

material has been transported in a westerly direction along 

these "regional•' cleavage planes in ••a sequence of events that 

b·egan with an activation of the basement at depth and then a 

rise in vre·stward creep with a push from "behind" and "within" 

the crystalline axis" (Cloos, 1971.p.xiv). The investigation of 

microstructures (within the Catoctin Formation) as well as 

structural analysis of amygdules may be useful in determination 

of the development of this "regional" cleavage as well as other 

features pertinent to the deformation. 

1 
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The development of crenulation cleavage within 

volcanic rocks appears to be a rarityJ due to the initial random 

fabric. An initial episode of flattening creating a weak 

schistosity , followed by a deformation appears to be responsible 

for the crenulation cleavage. The cleavage is not as well 

defined as those found in metasediments, however it is clearly 

present. 



CHAPTB:R II 


1. GEOGRAPHIC LOCATION 

The South Mountain structure is an elon~ate ~eature 

trending south south-east to north north-w~st from north~rn 

Vir~inia throu?h Maryland and extending in~o south~rn Penn

sylvania. The study- area is situat~d on the northern side-of 

U. s. 40, one and a half miles east of Cavetown, Maryla:r1d 

(Figure 1). 

2. GEOLOGIC STRUCTURE 

The major geologic structur~ in the Sduth Mountain 

re~ion is the South Mountain Anticline. The anticline has 

been mapped in several areas (Cloos, 1947, 1951; Whitaker, 

1955; Nickelsen,1956; Fauth, 1Q68). Cloos (1947) was the 

first to suggest the structure was a large anticline with 

smaller adjacent folds on the limbs. Detailed ~appin~ on the 

eastern limb by Whitaker (1955) and the western limb by 

Nickelsen (1956) has confirmed Cloos~ idea. The overturned 

monoclinal fold contains cleavag~ penetratin~ froM the 
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FIG. 1 Location map illustrating the study area. 

(The western slope of the South Mountain Uplift) 
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Catoctin Volcanics throu~h.the Chilhowee Formation and 

into the G~eat Valley carbonate sequence. The basement is 

presumably unfaulted except on the eastern limb where:a 

much younger Triassic basin occurs. The geologic structure 

is presented in Figures 2 and J. There is debate as to 

whether the structure is a lar~e fold or a folded thrust 

sheet moved from the east. The foln hypothesis is preferable 

since there is no evidence of a detachment zone (es~ential 

if thrusting were involved) and due to the ~reat size and 

transport distance involved (at least 50 km.) thrusting is 

unlikely. Formation of the structure probably occurred 

during the closin~ of the Atlantic in Mid-Paleozoic time. 

The movement of material in the South Mountain structur.~ 

appears to have been along cleavage planes upward and 

toward the west north-west. 

3. STRATIGRAPHY 

The stratigraphy is summarized in tabular form 

(Table 1). This study is on the Catocin Volcanics in the 

overturned western limb of the South Mountain Anticline. 
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FIG. Z. G'EOLOGIC MAP of the northern part of the 

Blue Ridge showing the distribution of the Catoctin 

Formation and the location of South Mountain. 
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TABLE leTHE PRE CAMBRIAN-CAMBRIAN STRATIGRAPHIC COLUMN 

SYSTEM/GROUP 

CAMBRIAN 
(LOWER) 

(Chilhowee
Group) 

PRE 
CAMBRIAN 

FORMATION 

Harpers. 

Formation 


Weverton 
Formation 

Loudon 
Formation 

Catoctin 
Formation 

DESCRIPTIONr 

Gray phyllite and slate, banded with quartzite. Always 
with strong cleavage which tends to obliterate bedding. 
Repeated by folding. Thickened and altered in crest of 
South Mountain and Elk Ridge anticlines. 

Light gray to dark, purple-banded, granular to vitreous 
quartzite, partly cross-bedded with con~lomerate layers. 
Thick-bedded white quartzite layers. Shaly beds between 
quartzites. 

Highly ferruginous, dark, sandy phyllite and thin-bedded 
arkosic quartzitea con~lomerate layers. Basal beds blue 
and green slate and conglomerate of unassorted pebbles 
of quartz and slate in slaty matrix •. 

UNCONFORMITY 
Metabasalt with amygdular layers and secondary quartz, 
calcite, and epidote. Closely folded and altered to 
hornblende-chlorite schist and greenstone. Metarhyolitea 
gray and purple slate and breccia. 

UNCONFORMITY 
Gneissic hypersthene granodiorite, quartz monzonite, 
granite, syenite, anorthosite, and para-gneiss. 

THICKNESS 
(in feet) 

?000
27)0 

1250 

150
450 


100
40(} 


Q) 
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4. CATOCTIN VOLCANICS 

i) Macroscopic Featuresa 

The Catoctin Volcanics are composed overwhelmin~ly 

of fine grained greenstone. The cleava~e in the Catoctin 

Formation is the dominant structural macroscopic fP.ature. 

According to Cloos (19h7) the axial plane cleavage dips 

eastward (between 10° and 50°) and fans gradually to the 

west and upwards. The cleavage is a domainal feature. At 

certain localities (including the study area) cleavage is 

deflected around resistant masses within the rock, developing 

a "bulging cleavage" (Cloos, 1971; Reed, 1955). Macroscopically 

no cleavage is evident within the resistent ro~k. Extensive 

work by Cloos on ooids from the Chilhowee Group in the 

South Mountain area shows that the intensity of deformation 

is paralleled by the intensity of dev~lopm~nt of cleava.2'e. 

Cloos proposes that ••• "the anticlinorium is a large shear 

fold in which deformation took place by laMinar flow along 

cleavage 9lanes which caused such crustal shortenin~ without 

important thrusting causing thickening at hin~es and thinning 

at fl~.nks." (Cloos, 1947, p. 901-902,), 

Lineation is ver'i,r common in P"reenst·one, consisting 

of chlorite amygdules which are elonpate and thin,parallel 

to cleavage plan~s and thin perpendicular to cleavage. In the 

massive resistant material (~pidosite) lineation is not as 
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marked. :';loos (1947) states th_at the lineation ••• "is probably 

(in the broadest sense) the direction of tectonic transport, 

slippage, growth, or extension and probably all of these." 

(Cloos, 1071, p. 56.). Zones of abundant amygdules have 

been interpreted as ancient flow tops. Cloos comments that 

••• "the chlorite blebs are elongated and well aligned,, •• 

they are excellent as directiQn markers but questionable 

as strain markers because one axis is very lon~, one is 

intermediate and the third is rRrely measurable because the 

blebs are paper thin, ••• their orLfTinal shape is nnknown 

and the may indicate slickensides in cleavage surfaces •• ," 

(Cloos, 1971, p. 45.). In the study area the axes of the 

chlorite amygdules were easily measured and not "paper thin", 

contrasting with those studied by Cloos, The relationships 

between the macroscopic featur~s are illustrated in Fi~ure 4. 

ii) General Microscopic Features: 

The prin-cipal minerals within the grou.ndmass 

include albite, chlorite, epidote, actinolite and sphene 

with minor amounts of hematite and possibly pyroxene. All 

specimens show effects of shearin~andiprimary textures ar~ 

obliterated. Reed (1955) d~scribes relict textures of 

Catoctin Volcanics near Luray, Vir.Q"inia in rocks v1h 1.ch are 

not sh~ared to the same degree as in South Mountain study 

area. The original textur~s however wr=>:re undoubtedly similiar. 
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Fl:G. ij, South Mountain deformation plan.Shows fanning 

regional cleavage • b-edding and lineation-s in "a" normal 

to "h"o Lineation is recognized on the cleavage surfaceo 

(from Cloos 1951b') 
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~eed (1955) states that, ••• "where ~he greenstones are not 

sheared the texture is that of the original lav~. The rock 

consists of interlockin? plagioclase laths (now albite) 

in an interstitial matrix of chlorite, actinolite, epidote, 

sphene, leucoxene, and magnetite. Original pyroxene grains 

are common between the laths in some specimens, but in 

most of the finer grained rocks the pyroxene is almost 

completely altered. This texture sug~ests the typical 

basaltic texture in which the spaces between the pla~ioclase 

are filled with either granular crystals of pyroxenes 

(intergranular) or basalt glass (interstitial ). The present 

texture of the greenstone is probably the result of alteration 

of the interstitial fillings between plagioclase laths to 

secondary minerals. Large irregular patches of chlorite are 

fairly common in the greenstone and some resemble the 

chlorophaeite patches of fresh basalts •••• in most greenstones 

the groundmass plagioclase laths avera~e about .05 by .~ mm., 

plagioclase phenocrysts in the porphyritic flows generally 

average less than one em. in length ••• " (Reed, 1955, p. 888.). 

The important point to note is the similiarity of the texture 

to that of a basalt (random orientation of minerals). 

Presumably it is this texture which is to be modifi~d. 

Microscopic examination reveals two distinct populations 

of amygdules within greenstone, chlorite rich and epidote 
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rich. The chlorite rich amygdules are commonly "rimmed" by 

epidote grains and are generally elliptical in thin section. 

Epidote amygdules contain small amounts of chlorite and are 

circular in thin section. These two populations will be 

discussed further in Chapter 3. Amygdules within the epidote 

lenses are commonly filled with epidote or quartz and are 

sub-circular. 

iii) Depositional Environment of Volcanics: 

There are two theories concerning the nature of the 

emplacement of the volcanics, 1) they are sub-aerial 

tholeiitic basalts extruded. through fissures as in the 

Columbia Plateau (Reed, 1955) or 2) they are sub-aqueous 

spilites (Stose and Stose, 1946; Whitaker, 1956). The 

evidence in support of option one includes 1 1) the absence 

of pifuw structures 2) lack o·f evidence of any central chain 

of volcanoes 3) absence of large masses of gr~ywackes and 

bedded cherts 4) the presence of "feeder" dykes of Catoctin 

composition 5) presence of oigeonite and n) columnar jointin~. 

Evidence supporting option two includee 1) spilitic 

mineralogy and chemical composition 2) high soda content 

3) presence of thin sedimentary interlayers and 4) associa

tion of volcanics with thick sequences of eugeosynclinal 

sediments in the south-east section of the Blue Rid~e 

(Bloomer, 1950; Bloomer and Werner, 1955). 
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The evidence appears to indicate sub-aqueous deposition on 

the south-east side of the Blue Ridge and a sub-aerial tholeiitic 

basalt emplacement in the north-west side (South I~Iountain). 

1v) Metamorphisma 

The volcanics were subjected to metamorphism in 

mid- Paleozoic time. This low temperature and pressure (350°C, 

3.5 Kbar) (Mitra, 1978) event appears to have been concurrent with 

cleavage development and lineation during formation of the Blue 

Ridge (Cloos, 1957, 1968). The metamorphic grade increases to 

the south-east. 



CHAPT~R III 

STRUCTURAL ANALYSIS AND IVIICROSTRUCTURES 

1. 	DETERMINATION: OF THE ORIGINAL SHAPE 

OF DEFORMED AMYGDULES 

Several methods were used to determine the original 

shape of the amygdules. Stndies in sirniliar basalts (Columbia-

Snake and Deccan Plateaus) indicate flow top amy~dules arP 

initially near- spherical. Minor tectonic events Mav alter this 

initial sphericity before final deformation took place; therefore 

justifying the examinatio~ of initial shapes. The three methods 

employed are outlined below alan~ with their respective results. 

Ramsay (1967) proposed the application of the 

equation Ro=(Rfmax./Rfmin.)l to points located on flucuation 

plot (Rf vs ¢). The equation was applied to the fluctuation 

plots constructed for amygdules on each of the three mutually 

perpendicular specimen faces (Figur~s 5-10). The equation is 

applicable to amygdules which are initially randomly oriented 

and inequant. Results indicate original axial ratios of 

1.445tla.55 (Measurements of s~ecimens 1 and 2; excluding 

epidote rich amygdules) and 1.49:1c.54 (for all amy~dul~s). 

15 
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F'iguFe 5. Fluc·tuation plot of chlorite 

amygdules orr tli"e XT plane of specimerr 1. 
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Figure 6. Fluctuatiorr plot of chlorite 

amygdules orr the XZ plane of specimerr 1 o 
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Figure· 7• Fluctuatiorr_ plot of chlorite 

amygdules orr the 'rZ plane of specimen· 1. 
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Figure 8. Fluctuatiorr plot of chlorite 

amygdules o~ th~ XT plan~ of specimen 2. 
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FiguFe 9o Fluctuatiorr plo~ of chlorite 

xz plan-e of specimen 2~~amygdules oro the 
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Figure 10. F-luctuation plot of chlorite 

amygdules on the yz plane of specimen 2o 
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Hsu (1070) used a modified fluctuation plot in 

which the calculated f3c value representing the symMetry line 

for the bell-shaped distribution of points is locatP-d at 

X=O (Figures 11 and 12), All points with¢ less than ~care 

reflected about the ordinate axis, Two isostrain curves a!'e 

constructed representing the maximum and minimum strain values 

to which the amygdules were subjected, The resultant intercepts 

obtained from the intersection of the isostrain curves and 

the coordinate axes are subsequently substituted into equations: 

RtR0 =point of intersection of outer curve 

and the axes ¢=0° 

R0 /Rt:=point of intersection of outer curve 

and the axes ¢=90° 

and R~Rt =point (of largest value) of intersection 

of inner curve and the ¢=0° axes 

Rt/R0=point (of smallest value of intersection 

of inner curve and the ~=0° axes 

Solving simultaneously the resultant R0 is found (for the xy· 

plane of specimens 1 and 2) to be 1.54a1o 

The final method is that of Wood (1974), It involves 

the construction of a deformation plot which records the 

change in the principal axial ratio of the amygdules from the 

original (pre-deformation) state throuFh to the final principal 

axial ratios, Details of construction are found lat~r in the 



Pigure 11. 	 Construction of ~he bounding isostrain 

from the fluctuation plot for the XY 

plan-e of specimen 1 • 
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Figure 12. 	 eon~trudti~ at the bounding isostrain 

curves from the fluctuation plot for the 

XY-plane of specimen 2. 
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chapter (Fi~ures 16 and 20). Esti~ation of the original 

principal (X/Y) axial ratio is 1.25:1 (excluding the epidote 

rich amygdules). 

The results 1of the three previous methods indicate 

that the initial shape (immediately before deformation) of the 

amygdules was not spherical. This non-sphericity may be due 

toa i) original elongation at the time of em9lacernent due to lava 

flowat:re, ii) the effect of a previous deformation or iii) a 

period of initial flattening,perhaps a result of stress 

applied by overlying strata or by lateral flowa~e and vertical 

shortening (axially symmetric). The results are quite encour

aging since the two pri~ary methods ~thos~ of Ramsay and Hsu) 

designed specifically for this puroose do show si~iliar 

results (1.45a1 versus 1.54tl). The author feels the use of 

Wood's deformation path could be useful in determining the 

initial shape of the amygdules and the r~sultant 1.24:1 value 

does not diverge greatly from the other values. 

2. 	DETERMINATION OF THE TECTONIC STRAIN ELLIPSOID 

AND oqi~NTATION OF THE PRINCIPAL AX2S 

Two methods were employed to ~stimate the nature 

of the tectonic strain ellipsoids That of Ramsay (1967) and 

Hsu (1970). 
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The basis of Ramsay's method is the equation 
l.. 

Rt=(Rfmax. Rfmin.) 2 
, wh~re Rfmax. a~d Rfmin. valu~s are 

taken from the fluctuation plot. The Rt values were established 

for amygdules 0n all three mutually perpendicular "faces" 

(Figures 5-10). The resultant tectonic strain ellipsoids 

have principal axial ratios 1.655ala,488 (excluding epidote 

rich amygdules) and 1.6a1a.5 (including epidote rich amy~dules). 

H'su' s method is identical to that described 

previously for d~ternination of R0 • Results for (X/Y) principal 

axial ratio indicate 1.6Ra1 and 1e52r1 for specimens 1 and 2 

respectively and1.6sl as an average for both specimens. 

It appears that both methods produce similiar results. 

The means of the axial ratios of arny~dules on the three perpen

dicular faces resulted in a tectonic strain ellipsoid of 

dimension 1.48ala.493 for specimen 1 and 1.57a1a.535 for 

specimen 2. These values corres~ond well to those derived 

from the previous methods. 

The I!lethod employed to obtain~d the "mean" orient

ation of the lonq axes of amygdules (on the three faces) wa~ 

taken from Ramsay (1967). Theoretically when a rock is deformed 

homogen~ously (when Rt)R0 ) the plot of Rf vs ¢ (¢ for initially 

randomly arranged strain markers) will form a symmetrical, 

bell-shaped configuration.The axis of symmetry of this 

distribution ideally represBnts the orientati0n of the ereater 
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principal stress for the section of measurement. 

Results can be read directly from the fluctuation 

plots for each secti~n (Figures 5-10), The orientations of 

X, Y andZ (the principal axes of the tectonic strain ellipsoid; 

they are mutually perpendicular linear elements) are approx

iamately 127/57°E, 217/11°S, and 317/3J0 W respectively(Figure 21). 

Inspection of individual fluctuation plots reveals: 

i) The range of fluctuati0n angles for identical faces in 

specim.en·s 1 and 2 are remarkable sirniliar. 

ii) The amygdules within the XZ plane contain the hi~hest Rf 

values and the smallest range in fluctuation angle of any face. 

iii) The amygdules within the XY plane have the lowest Rf 

values and larcest ran~e in fluctuation angle. 

There is a clear relationship betwe8n the amount of 

strain and the angular deviations of long axis orientati:1n from 

the direction of the principle stress. 

These orientation results can be readilv obtained 

merely from observation in the field without great error 

since the lineation orientation appears constant and the size 

of the amygdules permits easy recognition. 

). CONSTRUCTION OF A DEFORMATION PATH 

Generally reconstruction of a deformati~n path is 

difficult (particularily when large study areas are involved) 

due Ia.rgely to the strain heterop.-_.eniety encountered. This - . 

strain heterogeniety may be a result of variation in rifidity 
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Figure 21. Stereonetaillustrating orientations 

of various features 
N ., 
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6f arnygdules (due to different proportions of minerals ie~ 

epidote and chlorite), size variations of amve-dules, and 

perhaps sltght variation in Eroundrnass ductility. The Method 

employed is described in detail by Wood (197~, 3Q1-J92). 

Wood assumes that the strain is homogeneous at the scale one 

is working at. This condition is satisfied since the size of 

block used is fairly small (4 em. x 3 em.) and separate 
·:n 

measurements including_only amygdules rict;~chlorite were made. 


The method is very simple and outlined below: 


i) The axial ratios o~ the amygdules for the XY, zy·or XZ 


planes are ranked in order from highest to lowest. 


ii) The ratios are grouped so that 20~ of the total number 


of ratios are within each group. 


iii) The means are computed for each of th~ five ~roups. 


iv) The correspondin~ ordered pairs ~or each group are 


plotted graphically (arithm~tic scale). The line connecting 


these points is the deformation patn. 


The histograms as well as ~he deformation paths 

are illustrated for both speciMens (Fi~ures 13-20). The 

deformation paths are also plotted on a lo~arithmic plot 

which provides a better understanding as to the mode of 

deformation than does Wood's arithmetic scale (Figures 22 

and 23). 

,..., . t . -P F • ? .) 2,.,., d ~3 t 1~xam1na 1on o~ 1gures __ (, ~~ an ~. s ron~ y 
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?Icr.l3 Histo~arn illustro.tin:; the 'fariation o: t!1e 

X/'l' axial ratios :or the chlorite blebs on the XY 
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Figure 22 

Logarithmic deformation plot showing 

the deformation path for amygdules (both 

chlorite and epidote rich) in specimens 1 and 2. 





Figure 23 

Logarithmic deformation plot showing 

the deformation path for amygdules (chlorite 

rich only,! ) in specimens 1 and 2. 
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suggest an initial stagA o~ amy~dule flattening followed by 

plane strain (this is best seen on the logarithmic plot as 

well as the Flinn Diagram) (Figure 2~). In fact this initial 

flattening may well be responsible for the calculated 

1.45a1: .55 axial ratios for the original undeformed aMygdules. 

Comparison of specimens indicate that amygdules from specimen 

2 suffered a greater degree of plane strain than those of 

specimen 1, yet an equal amount of flattening, perhaps due to 

stresses applied ~y overlying sediments should be fairly constant 

between locations only five metres apart, as were specimens 

1 and 2. Thus the intensity of plane strain must have varied 

locally. 

4. MICROSTRUCTURES 

Microstructures within a~ygdules, at amygdule-groundmass 

contacts, within the gro.mdmass and behaviour of amyf!'dules and 

cleavaf!'e aid in the evaluation of the devP-lopment of specific 

structures and the defor~ation as a whole. 

i) Microstructures Found Within Amygdules: 

Two distinct populations of amygdules can he 

identified on the basis of i) mineralogy (proportion of chlorite 

vs. epidote) ii) structural analysis (previously discussed) and 

iii) microstructures. The chlorite rich and epidote rich 

amygdules will be discussed separately. 
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Figure 24. F"linn Diagram illustrating the 

deformation path of specimens 1 and 2 combined. 
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a) Ch1orite rich amygdules. The microstructures found 

within these amygdules prove to be very useful in determination 

of the nature of development of structures. 

Chlorite appears in two distinct domains within the 

amygdulesa i) Domain: 1 which is characterized by fan shaped 

chlorite aggregates and represents the early schistosity 

(Plate 3A). an~ ii) Domain 2 characterized by elongate well 

orien-ted chlorite grains and which will be referred to as the 

crenulation cleavage (Plates lB. and 3A). 

The fan shaped chlorite is found predominantly in"pro

tected" areas surrounded by epidote,and to a lesser extent 

hetween layers of crenulation cleavage and adjacent to the 

amygdule walls (Plates 4A and 4'B). This early schistosity is 

oriented at high angles (60-70°) to the crenulation cleavage. 

The elongate chlorite representing the crenulation 

cleavage is common in amygdules with high aspect ratios in the 

XZ plane1 particularly those with minor amounts of epidote. 

A definite correlation exists between the aspect ratio (shown 

by the amygdules within the XZ plane) and the degree of 

domainal development. Inspection of numerous amygdules reveals 

a continuum, from essentially a random chlorite fabric in sub

circular amygdules, to the development of a domainal fabric 

consisting of a crenulation cleavage and an early schistosity, 

to a single domain fabric consisting entirely of crenulation 

within amygdules of high aspect ratio (5a1). Plates 1 through 3 



Plate 	1 

(A) 	 Random fabric in chlorite rich amygdule of 

low aspect ratio (XZ) plan~. Inuividual 

chlorite grains (sc) are commonly short 

and stubby. Bar scale-=-= .28 mm. 

(B) 	 Two varieties of chlorite grains in an 

amygdule of moderately low aspect ratio 

in the XZ plane. Tne fan shaped chlorite 

aggregate (fc) is clearly oriented at· a 

high angle to the elongate chlorite grain 

(ec). A crude alignment of elongate chlorite 

grains is evident, however this is on an 

individual scale and no domainal fabric is 

visible.!The adjacent grain is epidote (ep) 

Bar scale = .18 mm. 
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Plate 2 

(A) 	 Small grain-s of elongate chlorite (ec) are 

aligned around the large fan shaped chlorite 

aggregate (fc). Note that this alignment rapidly 

dissipates away from the contact with the fan 

shaped aggregate (fc). The alignment is 

discontinuous throughout the amygdule and is 

only visible when in contact with chlorite 

aggregates. Bar scale = .17 mm. 

(:e) 	 The elongate chlorite grains (ec) align~1ent shows 

greater continuity throughout the entire amygdule 

and is no longer restricted to areas adjacent to 

the fan shaped chlorite aggregates (fc). The devel

opment of the (ec) alignment appears best in areas 

removed from the groundmass (gr), this may be a 

result of more intense deformation in "unprotected" 

areas~or the size of the fan shaped aggregates was 

larger nearer the amygdule wall. Bar scale =.25 mm. 
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Plate 3 

(A) 	 The domainal character of the fabric is clearly 

visible. Domain 1 (Dl) consists of fan shaped 

chlorite aggregates (fc), oriented at high angles 

to the Domain 2 (D2) or crenulation cleavage which 

is characterized By elongate chlorite grains (ec) 

and actinolite grains (ac) which are aligned 

parallel to cleavage. Note the cleavage is continuous 

throughout the plate and shows greater linearity 

than that shown in plate 2B. Bar scale =.25 mm 

(B) 	 ·This plate is dominated by the the abundance of 

extremely well oriented elongate chlorite grains 

(ec) representing the crenulation cleavage. The 

fan shaped chlorite aggregates (fc) no longer have 

an arcuate outline, instead , they are appear 

"rectangular ''in shape. Further development o~ 

the crenulation cleavage as shown in some high 

aspect ratio amygdules results in a single domain 

fabric composed entirely of well oriented elongate 

chlorite grains. Bar scale== .4 mm. 
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illustrate this apparent continuous fabric development. Closer 

examination of the development of this fabric in the future 

may prove valuable in our understanding of the evolution of 

domainal fabric as well as crenulation cleavage. 

eorrelation be·tween aspect ratio of amygdules and the 

spacing (as well as the continui~througfi the amygdule) of the 

crenulation cleavage. In amygdules of low aspect ratio the 

crenulation gleavage is widely spaced and irregularly oriented 

in an arcuate fashion around the fan shaped chlorite aggregates. 

(Plate 2A). In addition the crenulation cleavage is continuous 

only over a narrow range 1 perhaps one or two fan shaped chlorite 

aggregates. In amygdules of higher aspect ratio the crenulatiorr 

cleavage has a much closer spacing and individual cleavages are 

continuous throughout the entire length of the amygdule. Plates 

1 through 3 illustrate this progression. 

The relationship between chlorite and epidote grains is 

complex. In some areas the chlorite wraps around epidote grains 

(Plate 5 ). In others the crenulation cleavage has identical 

orientation on both sides of the epidote grains and appears to 

"ignore" the presence of the epidote (Plate 5B'). Features which 

are best described as "intermediate" to those outlined above 

are common. For example, Plate 6A illustrates clearly the "cross

cutting" nature of the crenulation cleavage through the epidote 

grain, as well as the tendency of the cleave·ge to "wrap•• around 

the epidote. Another "intermediate " feature is represented in 



Plate 4 

(A) 	 Differences in fabric development. Fan shaped chlorite 

aggregates (fc) are found in "protected"areas 

between epidote (ep) and the groundmass (gr). 

Elongate chlorite grains (ec) are found in ·· 

"unprotected " areas generally in the centre of 

the amygdules. Bar scale = .4 mm. 

(B) 	The appearance of fan shaped chlorite aggregates (fc) 

near the gro·u.ndmass (gr) and elongate chlorite (ec) 

away from the groundmass is common • Bar scale = .25 mm. 





Plate 5 

(A) 	 The "draping" of the crenulation cleavage 

defined by elongate chlorite (ec) around 

the epidote grain (ep) is welldefined by 

the presence of iron oxide staining (io) 

along the cleavage tracei. Randomly 

oriented chlorite grains are found in the 

"shadow" produced by the epidote (rc). 

Bar scale = .4 mm~. 

(B) 	The elongate chlorite (ec) appears "ignore" 

the epidote grain (ep) and imtraedic;.tely adjacent 

to the epidote it shows no tendency to deflect 

or change orientation at all. Bar scale = .18 mm. 
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Plate 6B, which clearly shows well defined crenulation cleavage 

adjacent to an epidote grain (on one side) and a random chlorite 

fabric on the opposite side. Examination of these relationships 

leads the author to believe that the epidote crystallized prior 

to the chlorite and that the chlorite was in a viscous.fluid 

state. 

Epidote forms euhedral grains with no evidence of alter

ation, pressure solution or fracturing. It is commonly situated 

along the amygdule walls particularly in .:amygdules possessing 

high aspect ratioso Although not thoroughly investigated, 

orientation of the long axes of epidote grains (not in contact 

with the amygdule wall) appear parallel to the crenulation 

cleavage and long axis of the amygdule in the XZ plane. 

Minor amounts of actinolite in the form of extremely 

elongate needles penetrate amygdule wallso Isolated needles 

are only found within the crenulation cleavage and are 

extremely well oriented and elongate (Plate 7A). Needles which 

pa~ally•pen~trate amygdule walls are bent and fractured 

within the amygdule resulting in parallel orientation to the 

crenulation cleavage (Plates 8A and 1B). This feature is found 

in several amygdules and may be useful in determination of the 

transport direction during the deformation. Small quantities of 

relict plagioclase grains showing twinning are oriented parallel 

to the crenulation cleavage where domainal fabric is seen; else

where these grains are essentially random in orientation. 



Plate 6 

(A) 	 Plate illustrating the "dual" nature of the 

elongate chlorite (ec). The chlorite appears 

to "drape •• around the epidote grain (ep), 

however at the same time it does seem to cut 

"through" the epidote and not around it. 

Bar scale = .4 mm. 

(B) 	 Well defined crenulation cleavage (ec) has 

developed on one side of the epidote grain 

however the other side is totally unaffected 

(fc). Bar scale = .18 mm. 
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Plate 7 

(A) 	 Well oriented elongate actinolite needle (ac) 

defining the crenulation cleavage. 

Bar scale = .45 mm. 

(B) 	 Change in orientation of actinolite needles (ac) 

from that in the groundmass (gr) to that in the 

amygdule (cl). Note the fractures shown by the 

actinolite within the amygdule. Bar scale = .18 mm. 
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~) Epidote rich amygdules. These amygdules are generally 

circular in thin section and contain up lOa%· epidote. The epidote 

is distributed evenly throughout the amygdules. Grain shapes 

are generally subhedral (clearly not as well developed as in the 

chlorite rich amygdules) and some show distinct parting along 

cleavage planes. The chlorite occurs as stubby randomly oriented 

grains which are not as elongate as those found in the chlorite 

rich amygdulesc(Plate 8B). Rock cleavage is generally non

existent particularly where chlorite is surrounded by epidote. 

Domainal fabric is not common. Actinolite needles are not commonJ 

however.it does penetrate the amygdule where chlorite is adjacent 

to the wallo The needles are linear and do not appear in an 

arcuate,fractured, yet continuous state as in chlorite rich 

amygdules (Plates 7~ and 8A). The actinolite is fracture~ however 

it is detached and no longer parallel to that outside the 

amygdule (Plate)9A). The microstructures found within these 

amygdules are clearly different from those described in the 

chlorite rich amygdules. These amygdules appear to have behaved 

in a rigid manner in contrast to the chlorite rich amygdules. 

c-) Microstructural relationships between amygdules, groundmass, 

and cleavage. 

Inspection of microstructures within the groundmass 

indicates the development of similiar domainal fabrics as found 

in~the amygdules. Domain 1 (equivalent to the early schistosity 

described in the amygdules) is characterized by lath shaped albite.' 

http:however.it


Plate 8 

(1) 	 Change in orientation of an actL~olite needle 

(ac) adjacent to an epidote grain (ep). The 

actinulite is aligned parallel to the cleavage 

due to fracturing probably caused by movement 

of chlorite in the direction of arrow. In order 

for this to have occurred the epidote grain must 

have crystalized before the other two minerals. 

Bar scale = .18 rom. 

(B) 	The random orientation of chlorite grains (sc) 

within an epidote rich amygdule (ep). Note the 

short, stubby nature of the grains in contrast to 

those found in the chlorite rich amygdules. 

Bar scale = .2 mm. 
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e·pidote, interstitial fan shaped chlorite aggregates, actinolite 

and minor sphene. Domain 2 (equivalent to the crenulation 

cleavage in the amygdules) consists of elongate actinolite and 

chlorite grains, and in some areas granulated epidote~(Plate 9B). 

The crenulation cleavage is:analogous to the pervasive cleavage 

in earlier works (Cloos, 1947; Nickelsen, 1956; Reed, 1964). The 

crenulation cleavage commonly has divergent components which 

extend around the amygdules as well as a component which 

penetrates the amygdules. In the lee of the amygdules the three 

components of cleavage are parallel and equally spaced. The early 

schistosity consists of rather well oriented albite laths and 

actinolite needles. These grains are (persistently) found 

oriented at approximately 60° to the crenulation cleavage (in XZ 

section-s)o ']he albite· grains and actinolite needles are commonly 

fractured either at their extremities or in the middle (or both) 

creating "V". shaped patterns between the crenulation cleavages 

(Plate lOA). The remnants of the grains extinguish simultaneously 

on each side of the medial point of the actinolite needle~ 

fractures"(Plate lOA). Epidote grains are generally subhedral 

(rounded) although occasional euhedral grains are encountered, 

The euhedral grains (particularly longitudinal sections) appear 

rotated approximately 50-70° relative to the orientation of the 

crenulation cleavage immediately adjacent to the epidote~(Plate 

lOB). A similiar angular relationship between the rigid epidote 

rich amygdules and crenulation cleavage is evident. The consistent 

50-70° "rotations" are striking. 



Plate 9 

(A) 	 The deflection of actinolite needles (ac) in 

an epidote rich amygdule (ep) results in 

fracture and detachment of needle fragments 

which remain linear throughout the amygdule 

and do not show "bending" as those in the 

chlorite rich amygdules (Plates 7A and 8B). 

Bar scale = .5 mm. 

(B) 	This plate illustrates the domainal nature of 

the fabric· in the groundmass. The crenulation 

cleavage is defined by the ~pidote grains (ep) 

The early schistosity is characterized by 

actinolite needles (ac). Bar scale = .2 mm. 
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CHAPTER !V 

STRUCTURAL IMPLICATIONS OF MICROSTRUCTURES 

AND STRUCTURAL ANALYSIS 

1. 	NATURE AND GENERATION OF THE EARLY SCHISTOSITY AND 


THE CRENULATION CLEAVAGE 


The formation of cleavage appears to involve a variety 

of mechanisms. Evidence of mechanica~ rotation, mechanical 

flattening, recrystallization, growth of new minerals with 

preferred orientation, and flattening are seen. Evidence for 

mechanical rotation have been discussed previously. The rotation 

is shown· by variable orientation of actinolite needles in 

epidote and plagioclase grains as well as in epidote rich amyg

dules (Plates lOH and 11A). Evidence of mechanical flattening 

includeJ granulation and orientation of epidote parallel to the 

crenulation cleavage and the flattening of amygdules (from 

the deformation path). Recrystallization and growth of new 

minerals with preferred orientation is shown primarily by 

actinolite and chlorite grains. The needles (actinolite and 

chlorite) within the crenulation cleavage are consistently 

longer than those in th~ early schistosity and are extremely 

well oriented. 



Plate 10 

(A) 	 The "V" shaped pattern produced in actinolite 

needles (ac) defining the early schistosity 

is evident due to the extinguished fragments 

to the right. The early shistosity is bounded 

by granulated epidote grains (ep) defining the 

crenulation cleavage. Note that the actinolite 

needles are inclined at approximately 60° to 

the cleavage. Bar scale = .18 mm. 

(B) 	 The epidote grain (ep) appears to have undergone 

a rotation as marked by the arrows. Bar scale 

= .5 mm. 
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Plate 	11 

(A) 	 The relict plagioclase grain appears to have 

undergone a rotation as marked by the arrows. 

Bar scale = .5 mm. 



A 
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Although cleavage formation is a result of a variety 

of mechanisms, individual mechanisms may be important at certain 

stages o~ the deformation. Ramsay (1967) has suggested that 

mechanical rotation may n·~ a most important process at lowest 

metamorphic grades, with recrystallization being of greatest 

importance under high temperature conditions. The metabasalts 

of greenschist facies occupy an intermediate position within the 

continuum of these processes and both kinds of features are 

common. 

Whether the cleavage is a flattening or shearing phenomenon 

is difficult to ascertain·. Evidence for a shearing origin appear 

to be most satisfactory for the following reasons. 

i) The cleavage (crenulation) only appears obvious in 

"unprotected"(epidote poor) areas in the chlorite rich 

amygdules and appears to "flow" around epidote grains, 

whereas in "protected" (epidote rich) areas no such pattern 

is obvious (Plates 4A and 6A}. 

ii) The solid-body rotations exhibited by plagioclase, epidote, 

and rigid epidote rich amygdules with no.evidence of 


pressure solution is more probable in a shearing process. 


iii) The apparent movement of material suggested by actinolite 


needles protruding through amygdule walls and their 


fracture patterns is highly improbable in a true flattening 
........, 


concept of cleavage formation. 
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There is evidence howe-ver that the initial early 

schistosity may have been produced during an episode of 

flattening. The evidence includesa 

i) 	The results obtained from the structural analysis of 

amygdules indicates an initial flattening episode. 

ii) 	The appearance of parallel apparently unsheared chlorite 

in areas protected by epidote grains may have ·resulted 

from an initial flattening episode. 

iii) 	The consistent alignment of relict feldspar laths as well 

as actinolite needles at high angles (50- 70°) to the 

crenulation cleavage may well represent rotation of 

laths due to flattening to form the initial early 

schistosity'. 

From this previous discussion the author suggests that 

an original crude schistosity developed perpendicular to the 

direction of maximum finite shortening due to stress exerted by 

overlying rock (particularly during the early phase of meta

morphism). Subsequently, forces induced motions in a westerly 

and upward direction, creating a crenulation cleavage inclined 

at relatively high angles to the early schistosity. This 

proposal would imply that the orientation of the original flow 

top would be equivalent to the orientation of grains of the 

early schistosity (provided these are still unrotated). 

In summary the cleavages appear to be formed by a complex 
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interplay of several mechanisms. The early schistosity may have 

been formed at lower temperatures primarily by mechanical 

rotations,produced by flattening as a result of stresses 

exerted by overlying rock strata. The crenulation cleavage is 

a higher temperature phenomenon with recrystallization of 

oriented minerals being the single most important formation 

mechanism. 

2. PRESENCE OF CRENULATION CLEAVAGE IN A METABASALT 

No record of a c~enulation cleavage within a metabasalt 

was encountered in the literature cited. This is not surprising 

since one would not expect to find such a feature in a basalt 

which originally possessed a random fabric. Crenulation cleavage 

tends to develop in rocks which exhibit well developed mineral 

orientation· (schistosity)(G·ray, 19?8). Although the original 

fabric is not conrlucive to crenulation cleavage formation, the 

grade of metamorphism (greenschist) certainly is , as most 

crenulation cleavage is of this facies (Gray,1977). There is no 

valid reason to suspect that crenulation cleavage could not be 

developed in metabasalts, particularly those which have under

gone an initial flattening episode. This flattening creates an 

early schistosity, probablyr similiar, though not as well defined 

as in well layered sedimentary rocks. Thus the basalt requires 

an initial flattening episode followed by a deformation to form 
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the crenulation cleavage , whereas the sedimentary rock merely 

requires one deformation event. The relatively poor crenulation 

cleavage development (in contrast to some metasediments) is 

likely due to the "crude" orientation of the early schistosity. 

3. 	TECTONIC TRANSPORT DIRECTION 

The orientation and to a lesser extent the nature of .' 

material movement can be established from previous analyses. 

The deformation indicates that the amygdules were initially 

flatt.ened and sul;sequently deformed according to a plane 

strain mechanism. Presumably tectonic transport took place 

with- the same orientation as the X principal strain axis for 

the tectonic strah1 ellipsoid. This would be in an orientation 

of 127/5~ E or along planes oriented at 03?/57°E. 

Close examination of microstructures; specifically, 

i) 	the sense of rotation established for rigid epidote 

rich amygdules, epidote grains, and relict feldspars 

within the groundmass, 

ii) 	the fracture patterns (V-shaped) produced by 

actinolite needles in the early schistosity between 

the crenulation cleavage, 

and iii) 	the arcuate,='fractured actinolite needles partially 

intruding the amygdule walls, all indicate the 
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movement of material was "updip" in a westerly direction. This 

agrees with Cloos (1948), he statesa "with few exceptions the 

lineation· has an azimuth of 120- 130° and plunges of 10 - 50° 

east",(Cloos,1958,pg.66) also "there seems little doubt that the 

Blue Ridge crystallines have moved considerable distances 

westward, and upward" (Cloos,1971, pg.llJ). 

4. 	PROPOSED SEQUENCE OF STRUCTURE DEYELOPMENT 

The examination of microstructures as well as the 

structural analysis of amygdule shapes, allows one to postulate 

a sequence of events leading to the present features observed. 

T"lte sequence is discussed below and is illustrated in figure 2.5. 

i) 	The·- emplacement of subaerial tholeiitic basalt flows 

consisting of initially sub-spherical to spherical 

amygdules enclosed by a randomly oriented fabric composed 

of feldspar laths, pyroxenes, interstitial chloritic 

material and isolated porphyritic feldspar laths. 

ii) 	T'his is followed by slight compression due to accumulation 

of overlying sediment.PThis may be accompanied by zeolite 

growth in the amygdules and fracturing of the basalt with 

surrsequent introduction of epidote and quartz into these 

fractures. 

iii) 	In the early stages of metamorphism (moderately low temp

eratures) epidote forms within the amygdules as well as 

http:east",(Cloos,1958,pg.66


Figure 25. Proposed Sequence of Structure ~evelopment 
60 

i) Emplacement of 

Basalt 

ii) Slight Compression 


due to overlying 


strata 


iii) Compression in 

early stage of deform

ation forming schistosity 

iv) Change in stress 

orientation creates the 

crenulation cleavage 

v) Resultant domainal 

fabric. 
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in t~e groundmass as a replacement of pyroxene. Segregation 

of epidote and chlorite rich amygdules probably occurs at this 

stage. Segregated epidote and quartz fill in former fractures 

ann cavities forming epidosite bodies. Mechanical rotation 

caused by compression results in a crude early schistosity 

oriented perpendicular to the compression direction. Migration 

of chloritic material into amygdules commenced resulting in 

alignment of chlorite (long axes) perpendicular to the stress 

direction. In the groundmass epidote and actinolite replace 

pyroxen~ grains and chlorite replaces plagioclase. 

iv) During the peak stages of metamorphism material is transported 

westward along recently formed cleavage planes oriented 

approximately 60° to the early schistosity, occurs. Elongation 

of chlorite rich amygdules and rotation of epidote rich 

amygdules. epidote, and relict feldspars proceeds. Actinolite 

and chlorite needles crystallize in a well oriented fashion 

forming the crenulation cleavage. Occasional actinolite 

needles penetrating amygdule walls are fractured and deflected 

due to motion of chlorite within the amygdules. The "V"

shaped pattern produced by the fractured actinolite in the 

early schistosity appears to be a result of rotation of 

needles which are longer than the spacing of the crenulation 

cleavage. Therefore further rotation is not possible without 

fracturing, which result in the "V"- shaped pattern. 

v.-) The end of metamorphism is marked by continued actinolite 

and chlorite growth accentuating the crenulation cleavageo 



CHAPTER V 


CONCLUSION 

The Catoctin Formation east of Cavetown, Maryland in 

the overturned limb of the South Mountain Anticline is a 

green~chist grade metabasalt characterized by the albite-chlorite 

-actinolite-epidote mineral assemblage. Intense shearing has 

obliterated the original igneous textures, but elsewhere, relict 

basaltic texture is known (Reed, 1964). 

A consisten~ lineation comprised of well oriented 

ellipsoidal chlorite _amygdules is found within Catoctin Volcanic 

flow tops. Th~ orientation of the lineation was determined to 

be 127/57> E using fluctuation plot data. Rapid inspection of 

the amygdules in the field would undoubtedly be a simpler, 

faster method of estimating this,with comparable results. 

Studies from recent tholeiitic basalt flows indicate 

amygdules within flow tops are nearly spherical. Computation 

of the original shapes of amygdules using methods proposed by 

Ramsay(196?), Hsu (1970), and Wood (1974) indicate original non

spherical shapes. This suggests that the amygdules may have 

been flattened prior to the development of the crenulation 

cleavageo 

Determination of the tectonic strain ellipsoid using 

methods outlined by Ramsay (1967) and Hsu (1970) produce comparable 
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results. The orientation of the principal axes of the tectonic 

strain ellipsoid are shown in Figure 21. 

The construction of a deformation path similiar to that 

of Wood (1974) is a useful concept, however the graphical 

representation of the deformation· path is much easier to inter

pret using a logarithmic scale than the arithmetic scale 

employed by Wood. Both the logarithmic plot (described above) 

and the Flinn plot clearly indicate an initial flattening 

episode followed by approximately plane strain. 

Examination of microstructures (in both amygdules and 

groundmass) reveals a distinct domainal fabric consisting of an 

early schistosity and a crenulation cleavage. This domainal 

character is not found within epidote rich amygduleso =·Theres ... 

appears to be definite correlations between the XZ aspect ratios 

of chlorite rich amygdules on the one hand, and spacing, 

continuity and linearity of the crenulation clea'l;.rage within 

the amygdules on the other. In a broad sense comparison of 

progressively higher aspect ratios (of amygdules) parallels the 

origin, development, and destruction of the domainal,fabric. 

Therefore careful examination of a few well chosen amygdules may 

yield information concerning the evolution of both domainal 

fabric and crenulation cleavage. 
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APPENDIX 

A. 	 Methods and Procedures 

Measurements were made on the chlorite amygdules found 

within the Catoctin Volcanics in the study area just east of 

Cavetown, Maryland. The basic procedure is outlined belowa 

i) 	The attitude of the cleavage plane was recorded and 


labelled on the rock specimens in the field. 


ii) 	The samples were removed and taken to the laboratory where 

the best approximation to the principal ellipsoid axes 

were marked. 

iii) Two specimens were cut in the XYi zy·, and .xz orientation 

of the ellipsoids (approximate)(see Figure 26). 

iv) Thin sections were obtained for each plane of both 

specimens. 

v) The thin sections were studied structurally as well as 

petrographically. 

vi) Re-orientation of data with that obtained in the field 

was completed. 

vii) All data was plotted onto graphs, diagrams and tables. 

Cutting of specimens along the principal axes of the 

amygdules was purely subjective and undoubtedly a small error 

is produced. Approximately 40-50 amygdules were mesured for each 

plane. Chlorite rich amygdules were treated independently from 

the epidote rich variety. 
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Figure 26. Procedure of Slabbing• 

Planes produced by slabbing specimens. 
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APPENDIX B ~-- RAW DATA 

71 
XY PLANE SPECINIEN 1 

LONG AXIS SHORT AXIS (¢) X/Y LOG X/Y X/Y 
(X) 	 (mm.) ( Y) ( m!"l.) * indicates 

epidote
4.2 	 2.1 10 2.0 .JO 1.41 rich 

amygdule 
.75 .5 12 1.5 .18 1.22 

1.0 .8 18 1.25 .096 1.12 

1.5 1.2 30 1.25 .096 1.12 

1.7 .9 22 1.8 .256 1.34 

2.0 1.4 10 . 1.1.J..? .15 1.1q 

* .? .6 65 1.17 .07 1.08 

2.6 1.25 8 2.11 .324 1.h5 

4.8 2.4 14 2.0 .30 1.41 

1.0 .? 32 1.4 .146 1.2 


*1.3 1.2 65 1.1 .414 1.05 


*1.1 1.0 58 1.1 .414 1.05 


2.2 1.35 9 1.57 .1q6 1.3 

2.3 1.6 38 1.4 .196 1.2 

1.1 .a 30 1.38 .14 1.17 

.9 .7 25 1.29 .11 1.14 


~-1.1 1.0 53 1-.10 .41 - 1.05 


.!} .8 .? . 5LJ. 1.. 17 • 68~\~ 1.08 


1.0 .? 15 1.43 .156 1.2 

2.4 1 • .5 24 1.6 .20 1.26 

J.O 1.8 25 1.67 .222 1.3 

3.7 2.5 2~ 1.48 .17 1.22 

4.6 3.0 15 1.23 .089 1,11 

2.7 2.2 40 1.29 .oso 1.14 

2.5 2.1 0 1.19 .076 1,09 

4.0 2.7 3 1.48 .17 1.22 




'7?, .... 

.l:. 
LONG 

(X) 
AXIS 
( mn. ) 

SHORT AXIS 
(Y) (mm.) 

(¢) X/Y LOG X/Y <x!Y )2 

1.8 .9 ~ 
...I 2.0 • 3·"'- j 

l.IJ.l 

2.0 1.5 28 1.33 .125 1.15 

*2.8 1.5 60 1.2 .oR 1.1 

*1.4 1.2 70 1.17 .067 1.08 

*1.0 
-,...~ ,.... J 

...... .... '-'f...,
v..,.• / ....... 

.9 
42o7 

72 1.1 

i..dt .,..,_ 
.045 1.05 

~=-~ 0 · .., 
I ~~ C:: 'I~ ' I.':~ 



73 YZ PLANE 

LONG AXIS SHORT AXIS ([i) 
(Y) (mm.) (Z) (mm.) 

1.8 	 .65 4 


1.9 1,1 7 


1.1 	 .? 4 


1.0 	 .? 0 

1.1 	 .4 12 


1.5 	 .7 8 


1.2 	 .? 9 


1.5 	 .6 3 


2.8 1.3 24 


2,2 1.1 19 


1.9 	 .7 11 


1.8 	 .7 11 


1.0 	 .9 12 


1.4 	 .9 10 


2.1 	 .? 12 


2.5 1,2 17 


1.8 	 .? 7 


.9 	 .5 2 


2.0 	 .7 11 


1.8 	 .9 9. 

*: 	.9 .85 70 


1,1 .5 13 


1,) .? 11 


1.0 	 .6 5 


SFS:CIMEN 1 

RATIO RATIO 

(Y/Z) (Z/Y) 


2.9 .36 


1.7 .59 


1.6 .63 


1,4 .?1 


2.7 .37 


2.1 .48 


1.7 .59 


2.5 ,4 


2,2 .45 


2.0 .5 


2.7 .37 


2.6 .38 


1,1 .91 


1.6 .63 


3.0 .33 


2,1 ,48 


2.1 ,48 


1.8 • 55 


2.9 .34 


2.0 • 5 


1,1 .91 


2,2 ,I+ 5 


1.9 .53 


1.7 • SG 


LOG 
(Z/Y) 

-.41J. 

-.23 

-.20 

-.15 

-.43 

-.32 

-.23 

-.40 

-.'34 

-.30 

-.43 

-,41 

o.o4 

-.20 

-.48 

-.32 

-.J2 

-.2~ 

-.46 


-.JO 

-,OlJ. 


-,J4 


-.28 


-.23 


1.4 .6 1 2.3 .43 -.36 




LONG AXIS 
(Y) (mm.) 

SHORT AXIS 
(Z) ( mm.) 

(¢) RATIO 
(Y/Z) 

RATIO 
(Z/Y) 

LOG 
(Z/Y) 

74 

1.2 .6 8 2.0 .5 -.30 

1.0 •.9 12 1.3 .77 -.11 

*1.0 .o 62 1.1 .91 -.04 

*1.4 1.2 40 1.15 .87 -.61 

2 ·-1 1.1 11 1.9 .s~ -.28 

2.2 1.3 1? 1.7 • 5G -.?.3 

1.4 .s 20 2.9 .39 -.46 

1.6 .9 16 1.78 .56 -.25 

.8 .6 21 1.3 .77 -.11 

1.0 .8 20 1.3 .77 -G11 

1.4 1.2 21 1.2 .83 -.08 

1.4 .8 a 
/ 1.8 .56 -.36 

1.1 .7 a 1.6 .63 -.20 

1.4 .? 6 2.0 o5 -.3() 

1.2 .5 7 2.4 .42 -.3B 

* .6 .55 71 1.02 .98 -.oo 

1.5 .7 16 2.14 .4? -.13 

1.8 1.5 n 1.2 .83 -.08 

2.0 1.1 12 1.8? • 55 -.26 

2.4 1.6 12 1.5 .67 -.18 

• 2.0 1.8 75 1.1 .9 -.05 

1.4 1.3 66 1.08 .93 -.03 

2.7 1.2 5 2.25 .44 -.35 

1.5 1.5 1.0 1.0 -.oo 

1.6 1.4 70 1.14 .BR -.058 

.9 .8 50 1.13 .89 -.05 

74.0 44.6 92.6 31.1 
TOTALS 
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LONG AXIS 
(X) (mm,) 

1.5 

1.7 

3.1 

1.3 

1.35 

1.5 

1.4 

2.1 

1.7 

2.35 

3.3 

4,0 

1.9 

2,4 

1,2 

2.4 

4,4 

1.5 

2.1 

2.5 

2.7 

1.4 

1,8 

1.8 

.8 


xz PLANE 

SHORT AXIS 
(Z) (mm.) 

.5 


.J 

1.1 

.5 


.75 


.s 


.8 


1.1 ~ 


.8 


1 .• 2. 


.9 


1.2 

1,0 


.8 


.6 


1,0 

1,2 


.7 


.7 


.9 


1.2 

.5 


.8 


.8 


t:.,v 

SPECIIv!EN 

(fi) 

12

17 


2,0 

11 


11 


10 


16 


12 


15 


8 


12 


10 


11 


10 


8 


8 


1lJ. 

8 


() 

14 


14 


6 


0 

8 


15 


1 

X/Z 

),0 

5.7 

2.82 

2.6 

1,8 

1,8R 

1.75 

1.91 

2.13 

2.0 

3.67 

).33 

1.9 

J,O 

2.0 

2.4 

3.67 

2,14 

J,(l 

2.(8 

2.25 

2.8 

2.25 

2.25 

1.33 

' ).!.\:x;z 2 


1.732 

2.~9 

1.68 

1,6 

1.34 

1.37 

1.12 

1.3R 

1.46 

1.41 

1.92 

1,82 

1.38 

1.73 

1.41 

1.55 

1,0? 

1 ,l.J.h 

1.73 

1.67 

1.5 

1.6? 

1.5 

1.5 

1.15 
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LONG AXIS 
(X) (mm.) 

SHORT AXIS 
(Z) (mm.) 

(~) X/Z (X/Z)t 

2.0 .s 17 2.5 1.58 

2.0 .? 17 2.86 1.36 

4.4 1-.2 10 J.h7 1.02 

.a .6 3 1.33 1.15 

1.2 .3 20 4,0 2.0 

1.2 .3 ? 4.0 2.0 

4.3 1.3 13 3.3 1.82 

3.9 1.0 8 ).q 1.98 

1.8 1.0 18 1. 8 .. 1,34 

1.4 .? 10 2.0 1.41 

.9 .3 17 ).0 1.73 

1.1 .6 14 1.83 1.35 

).4 1.0 8 3.4 1.84 

.9 .5 10 1.8 1.34 

1.6 .4 12 4.0 2,0 

2.4 .6 13 4.0 2.0 

.? .5 9 1.4 1.2 

3.0 1,() 12 J.n 1.?3 

4,0 .9 11 4.4 2.1 

5.2 .8 10 6.5 2.55 

3.2 .? 11 4.6 2.14 

2.8 1.0 11 2.8 1.67 

).5 .6 12 5.R 2.41 

3.5 2.0 9 1.8 1.34 

4.2 .? 11 6.0 2.5 
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LONG AXIS SHORT AXIS (}i) X/Z (x/z) 2 
1 

(X) 	 ( mrn.) (Z) ( "f"lffi. ) 


*1.2 1.1 74 1.1 1.0.5 


. 2. 0 1 •. 0 .. 12 2.0 1.41 


.5.0 1.0 8 .5.0 2.-22 


*1.5 1.3 70 1.2 1.1 
-
121.6 43.? 	 l_$t,J 89.8 TOTALS 



78 
X'Y PLANE SP.ECIMEN 2 


.... 
LONG 

(X) 
AXIS SHORT AXIS 
(mm.) (Y~. (mm.) 

( ft) X/Y' LOG X/Y ( X/Y) 2 

2.0 1.3 15 1.54 .19 1.24 

6.o 4.5 15 1.33 .12 1.15 

5.0 ).0 20 1.67 .22 1.29 

5.5 4.0 13 1.38 .14 1.17 

2.0 1.5 14 1.)8 .12 1.15 

3.3 2.0 19 1.65 .22 1.28 

4.0 2.0 15 2.0 .30 1.41 

4.6 ).2 18 1.44 .16 1.2 

5.0 3.0 22 1.67 .22 1.29 

9.0 6.0 18 1.5 .18 1.2 

2.0 1.2 16 1.67 e22s 1.29 

).0 2.0 16 1.5 .18 1.2 

2.0 1.2 15 1.67 .22 1.29 

4.7 ).0 15 1~57 .19 1.25 

3.0 1.9 19 1.56 .19 1.25 

7.0 4.5 14 1.56 .19 1.25 

5.0 3.0 27 1.67 .22 1.29 

4.3 3.5 28 1.23 .09 1,11 

s.o 3.5 18 1.43 .16 1.2 

*3.5 ).3 27 1.06 ,OJ 1.03 

*4.0 ).8 80 1.05 .OJ 1.02 

1.8 1.5 18 1.2 .o8 1.1 

2.7 1.0 18 2.7 .43 1.64 

2.0 1.4 21 1.43 .16 1.2 

3.0 2.1 16 1.43 .16 1.2 
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LONG AXIS 
(X) (mm.) 

SHORT AXIS 
(Y) (mm.) 

()i) x;y· LOG X/Y X/Y 

*2.8 2.5 70 1.12 .n5 1.06 

2.0 1.1 14 1.82 .26 1.35 

2.2 1.9 34 1.16 .o6 1.08 

7.0 4.0 19 1.75 .24 1.'32 

*5.5 5.0 71 1.1 .o4 1.05 

5.0 3.2 17 1.56 .19 1.25 

*3.0 2.7 69 1.11 .o4 1.05 

).0 2.4 20 1.25 .OQ7 1.12 

5.0 ).1 21 1.61 .21 1.27 

5.0 ).0 13 1.66 .2? 1.28 

4.0 - 2.1 11 1.9 .28 1.4 

143.9 98.4 55.9 46.2 TOTALS 



80 
YZ PLANE S~ECIMEN 2 


LONG AXIS 
(Y) (mm.) 

SHORT AXIS 
(Z) (mm.) 

(¢) Y/Z z;y· LOGY/Z 
J.. 

( Y/Z ) 2 

4.0 2.0 20 2.0 .5 -.?0 1.41 

5.0 2.0 15 2.5 .l.J. - . .,lJ-(3 1.58 

3.0 1.5 14 2.0 .5 -.30 1.41 

2.0 1.5 19 1.33 .?2 -.92 1.15 

4.0 1.2 14 ).3 .)0 -.52 1.82 

s.o 2.0 11 2.5 .4 -,00 1. 58 

4.0 1.0 14 4.0 .25 -.60 2.0 

4.0 1.0 12 4.0 .25 -.60 2.0 

1.5 .7 14 2.1 .48 -.32 1.4? 

4.0 3.0 9 1.33 .75 -.12 1.15 

3.0 1.0 14 3.0 .33 -.47 1.73 

4.0 ).0 12 1.33 .74 -.12 1.15 

s.o 2.5 8 2.0 .51 -.3 ?..0 

4.0 2.5 10 1.6 .63 -.20 1.27 

6.0 3.0 11 2.0 .5 -.)0 1.41 

2.5 1.5 9 1.4 .?1 -.15 ·1. 2 

2.0 .75 8 2.7 .37 -.43 1.64 

4.0 ·2.5 11 1.6 .6) -.20 1.27 

4.0 2.0 12 2.0 •52 -.30 1.41 

*5.0 4.3 52 1.1 .91 -.04 1.05 

3.5 1.0 7 3.5 .29 -.54 1.87 

3.0 2.0 9 1.66 .6o -.22 1.29 

3.0 1.0 8 ;.o .33 -.47 1.72 

3.5 1.5 3 2.33 .4J --37 1.53 

4.0 2.5 20 1.33 .74 -.12 1.15 
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LONG AXIS 
(Y) (mm.) 

SHORT AXIS 
(Z) (mm.) 

(fi) Y"/Z z;y- LOGY/Z Y/Z 

2.0 1.0 9 2.0 • 51 -.Jn 1,41 

4.0 1.7 10 2.38 ,4? -.38 1.54 

3.5 3.0 11 1.17 .85 -.0? 1.08 

4.0 2.0 13 2.0 .5 -.30 1.41 

s.o 4.0 16 1.25 .8 -.10 1.12 

5.0 2.5 14 2.0 .51 -.)0 1,41 

2.5 1.0 11 2.5 .4 -.4 1.58 

4.0 .9 8 4.5 .13 -.90 2.12 

3.0 .,.7 12 4.3 .23 -.63 2. "~7 

5.0 3.5 12 1.4 • 71 -.15 1,18 

4.5 1.0 3 4.5 .65 -.18 2.12 

5.0 3.8 17 1.35 .?4 -.13 1.16 

*4.0 3.5 56 1.1 .91 -.04 1.05 

*.3.0 2.5 62 1.2 .83 -~08 1.1 

147.5 78:5 87.2 -20.9 57.56 I'OjrALS 



82 XZ PLANE SPECIMEN. 2 
1.. 

LONG AXIS SHORT AXIS (.0) RATIO X/Z LOG X/Z ( X/Z ) 2 

(X) (rnm.) (Z) (mm.) 

5.0 3.5 8 1.43 .155 1.2 

u..o ' 3. () 16 1.)) .12Ll. 1.15 

4.5 1.25 13 3.6 .55 1.9 

6.2 1.1 13 5.64 .?5 2.38 

3.0 .? 13 4.29 .63 2.07 

3.0 2.0 7 1.5 .1?6 1.22 

3.0 1.2 17 2.5 .4 1.58 

4.0 1.5 q 2.67 .43 1.t;1 

4.0 2.5 6 1.A .2 1.?7 

5.0 3.0 10 1.67 .22 1.29 

8.5 1.3 13 6. 54 .82 2. 56 

2.5 •5 12 5.0 .r>9 2.24 

*2.0 1.0 56 2.0 .., 1.41 

3.0 2.0 22 1 • .5 .176 1.22 

s.o 3.0 10 1.67 .22 1.29 

s.o 1.2 7 4.17 .62 2.04 

*1.2 1.1 62 1.09 .037 1. 04 

s.o 1. 7 6 2·, l94 ·'.l-7 1.71 

4.0 1.8 ? 2.22 .35 1.49 

*1.0 .9 59 1.11 .045 1.05 

2.5 ·~9 12 2.77 .44 1.67 

4.5 .8 13 5.63 .75 2.")9 

4.0 .a 14 s.o .6o 2.21' 



0""\
")) 

1 

LONG AXIS 
(X) (mm.) 

SHORT AXIS 
(Z) (mm.) 

(~) RATIO X/Z LOG X/Z ( X/2) 2 

10.0 1.() 11 10~0 1.0 3.16 

5.0 .8 10 6.25 .795 2.5 

9.0 2.5 10 ).6 • 56 1.9 

4.0 1.4 12 2.86 .46 1.7 

s.o 2.0 11 2.5 .4 1.58 

6.0 1.9 13 3.16 .49 1.78 

10.0 ).0 13 3.3 .52 1.8 

).5 2.2 4 1.59 .20 1.26 

*3.0 2.9 62 1.03 .013 1.01 

*2.4 2.1 63 1.14 .06 1.07 

4.0 1.0 6 4.0 .6 2.0 

*7.0 .8 7 8.75 .94 2.96 

*4.2 3.8 75 1.14 .o6 1.07 

2.0 1.8 45 1.11 .045 1.06 

3.0 .4 5 7.5 .88 2.79 

s.o 2.5 15 2.0 .30 1.41 

5.0 1.2 6 4.17 .f12 2.n4 

1.4 1.3 54 1.08 .033 1.04 

1.1 1.05 50 1.05 ~.02 1.02 

2.5 2.2 50 1.14 .057 1.07 

1.9.-
1.3 12 

-
1.46 .164 1.21 

184o •Q 7).9 1)6.6 73.4 TOTALS 
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