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ABSTRACT

The study area is located at Snyder and Oliver Hills, Minerva, southeastern
Adirondacks in New York State. The geologic setting of the study area is just
south of the Anorthosite Suite of the Adirondack Massif. The rocks from the study
area are granitic gneiss and amphibolite that were affected by high temperature
metamorphism and deformation. The grade of metamorphism is interpreted from
the mineral assemblage as relatively high P, granulite facies metamorphism.

High temperature deformation is inferred since rock-forming minerals such
as quartz, feldspar and calcite show microstructures related to plastic deformation.
Strong and consistent rock fabrics are also found. Subhorizontal foliations are
defined by compositional layering of mafic and felsic minerals. Subhorizontal east-
west-trending lineations are defined by quartz ribbons and preferred orientation of
mafic minerals. These conditions suggest subhorizontal ductile shear zone
deformation in this area with the shear sense of hanging wall to the east or west.

To determine the shear sense, c-axis orientation from the quartz ribbon and
grain shape orientation were measured. The pattern of the structural elements from
these analyses is close to being symmetric rather than asymmetric, although the
hanging wall to the west sense is slightly dominant. However, at an outcrop near
the lithologic contact between the granitic gneiss and the amphibolite, a dragging
fold of amphibolite is found. The shear sense from this outcrop is clearly hanging
wall to the west. The hanging wall to the west shear sense and the symmetric
pattern from the structural eleme-nts may suggest a close-to-coaxial but non-coaxial

deformation or very large strain accumulation in this area.
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Plastic deformation microstructures from the rock-forming minerals were
carefully observed, since certain temperature conditions are required to form such
textures. Microstructures found in this study include formation of quartz ribbons
and quartz c-axis preferred orientation by basal <a> slip in quartz, feldspar
subgrain boundaries by dislocation gliding, possibly cataclastic flow of feldspar
grains, and deformation twins in calcite. The temperature conditions for these
microstructures are plotted onto the regional cooling curve. These results may
suggest that the deformation in this area lasted for a long period of time over a wide
range of temperature conditions, although the nature of deformation, whether
continuous or punctuated, is not exactly known.

Regionally, this study area is very highly deformed and not much literature
is yet available in the areas adjacent to the study area. Hence it is hoped that the

results of this study will aid as data base to future southern Adirondack studies.
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I. INTRODUCTION
I-1. LOCATION OF FIELD AREA

The Adirondack massif is located in the northemm part of New York State
and is made up of high grade metamorphic rocks of amphibolite and granulite
facies, The Anorthosite Suite occurs in the mid-eastern part of the massif. The
field area of this study is located just south of the Anorthosite Suiie (Figure 1-1}.
The study area includes Qliver and Snyder Hills in the southeastern Adirondacks
between longitude 73°55'W to 73°57'W, and fatitude 43°47°'N to 43 S0'N. The
nearest town to these hills is Olmstedville, 10 km. away from the Pottersville Exit
of the New York State Thruway (Route I-87). The topography of the study area
can be described as alternating cliffs and benches, surrounded by fault controlled
north-south trending valleys (Figures I-2 & 1-3). The cliffs are formed by granitic
gneiss and the benches are formed by amphibolite.

The field work was dore in the summer seasons of 1988 and 1989. Minerva
Lake Beach Campsite provided a convenient site for base camp (location in Figure

E1).
I-2. GEOLOGIC SETTING
The Adirondack massif is largely composed of metamorphosed igneous

plutons such as granite, syenite, anorthosite and gabbro with some metasedimentary
rocks such as marble and metapelitic gneiss. Geological events can be grouped into
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two episodes: (1) the anorthosite intrusion, (2) amphibolite and granulite facies
metamorphism and high-temperature deformation.

In the mid-eastern part of the Adirondack massif occurs the Anorthosite
Suite. There have been various models for the origin of the Anorthosite Suite
(summarized in Best, 1982, pp. 548 - 549). In general, it is interpreted to have a
magmatic origin. The emplacement is dated as around 1400 Ma and it is
interpreted to have a different origin than the other rocks (Emslie, 1978).

Late Proterozoic high-grade regional metamorphism affected the rocks in the
massif (Tumer, 1981) and the accompanying and subsequent pervasive deformation

made the origin and nature of the Adirondack massif difficuit 10 interpret.

1-3. LITHOLOGY

The rock types of the study area as described in the New York State
Geologic Map - Adirondack Sheet (compiled by Isachsen and Fisher, 1970) are
metasedimentary rocks, charnockite gneiss, metagabbro and anorthosite (Figure 1-
2). Ia this study, however, simple descriptive terminology is vsed for rock types
because the lithologic nomenclature in the New York State Geologic Map was
based on genetic interpretation chosen to describe the rocks in a regional scale.

The names chosen for map units in this manuscript are granitic gneiss and
amphibolite interlayered with marble, which are respectively equivalent to
charnockite and undivided metasedimentary rocks on the State Map (Table 1-1).
With the outcrop map based on fieid work (Figures §-3 and 1-4) and the chosen
lithologic names {(Table I-1), the geclogic map of this area was reconstructed

(Figure 1-5}.



Table I-1. Comparison of the lithologic unit romenclature in the New York State Map and in this

$ludy.

N o e The Lithologlc unlts

Geologlc Map used In this study
Glacloi and aliuvial depasts @Glaclal and alluvial depostts

Metagabbro, olivine gabbre, and
derved amphibolite

Amphibolite with
Interlayered marble

Undivided metasedimentary rock
and related migmatite

Chamocidiic, grantiie, and
quanz syenitic gnelss

e e ek ek ek et ek ek bt b b el ek el det W W AW M e e

Mangertic 1o chamockiic gneiss.
with increasing percentage of
anorthoslte component, passes into
anorthosific rocks

Granthic gneiss
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Figuro -4,  Qutcrop map of the study area.
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Granitic Goei

The major minerals for this rock type are quartz and feldspar. The mafic
minerals are gamet, amphibole, biotite and clinopyroxene. Charnockite, synonym
for hypersthene granite (sensu stricio), as used in the State Map may not be an
-appropriate name because hypersthene is not usually found in this rock. A better

name for this rock is quartzofeldspathic gneiss.

The major mingrais for the amphibolite are amphibole, plagicclase, and
orthopyroxene. The hand specimen color of this rock varies over a wide range
depending on the amount of dark minerais (usvaily amphibole). The marble

outcrops are found in the northern part of the field area.

1-4. SHEAR ZONE DEFORMATION

A ductite shear zone is defined as "a zone with sub-parallel walls in which
high deformations are localized. ...the strain variation is confinuous across ihe zone
such rhat, on the scale of a rock outcrop, no geometrical discontinuities can be
seen." (Ramsay and Huber, 1983, p. 53). White and others (1980) emphasized
strain softening as the ductile shear zone formation mechanism becanse strain
softening helps strain localization. Typical strain softening processes are grain size

reduction by dynamic recrystallization and geometrical sofiening that will result in

* (larsery o wres is ghen in Appendia A,
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fabric development. Therefore, the mylonites formed in & ductile shear zone are
characterized by strong fabric and grzin size reduction.

Strong planar and linear fabrics in the field, and microstructural evidence
for plastic deformation such as subgrain boundaries and deformation twins are
found. The structures suggest subhorizontal shear zone deformation, with hanging
wall to the east or west movement. Kinematic data from the quartz c-axes fabric

and S-C fabric analysis with the outcrop evidence constrain the sense of shear.

I-5. PURPOSE OF THE STUDY

When rocks are under a high temperature ductile deformation, changes in
microstructures of minerals or in structures of rocks are expected. These structural
changes are used to interpret the nature of deformation.

The purpose of this study is to document the structural changes and apply
them to understand the pature of deformation in this area. Various plastic
deformation microstructures of minerals and rock textures are used as & basis.
From this, interpretations about the deformation are presented. They include shear
sense, temperamre conditions for the deformation, and dating the deformation using

the regional cooling curve.
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II. METHODOLOGY

II-I. FIELD METHODS

The base map used for geologic mapping is the Schreon Lake Quadrangle
{1:62,500) of New York State. Eighty oriented sampies were taken for structural
and petrographic study. Localities and orientations of the samples are in Figure I-2
and Appendix B, respectively,

Garnet pressure shadows, rolling structures and fabric transposition were
carefully examined during the field work to determine the sense of movement in the

field area.

11-2. METHODS USED FOR LITHOLOGIC STUDY

Thin sections were cut perpendicular to foliation and paratlel to lineation.
The view point of thin sections in this study is generally looking from the north
(Figure 11-1}.

Since the ductile shear zone deformation was very intensive and made the
overail grain size very small, identification of minerals, especially K-feldspar,
plagioclase and quartz, was difficult. Therefore, selective staining of these
minerals on rock slabs (Bailey and Stevens, 1960) was done. Care was taken 10
avoid overstaining of plagioclase lameilae in the perthite by residual and mobile Ca
ions which will occur if the sample stays too fong in the hydrofiuoric acid.

Modal mineralogy was determined by point counting. The eror range of

the point counting was determined after the statistical method of van der Plas and
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Figure )l-1.  Crientation of thin sections. Thin sections are made perpendicular to toliation and paralisl to
linaation. The view point|s irom the north.
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Tobi (1965). An X-ray diffractometer {Model D-MAX/B by Rigaku) was used to

determine the composition of mafic and opaque minerais.

II-3. METHODS FOR MEASURING THE C-AXES ORIENTATION OF
QUARTZ

Quartz c-axis fabric {crystaliographic preferred orientation pattern) analysis
gives information about such things as major slip systems, whether the deformation
is coaxial or non-coaxial, and sense of shear. The most widely used instruments to
measure the ¢-axis orientation are the Universal Stage and the X-ray diffractometer
with textural goniometer. In this section, a faster and simpler technique to measure
the ¢-axis orientation on a regular (flat) stage microscope will be discussed.

During the observation of quartz ribbons from the granitic gneiss for this
sdy, an abnormally high interference color from quartz was observed. This
quartz is hereafter referred to as “yetlow Qmmz" (Figure I-2). There are two
possible explanations for the yellow quartz. First, the value of the birefringence()
reaches a maximum (8=0.009, first order "straw yellow™ interference color) when
the c-axis of quartz is paraliel to the microscope stage. Second, since the abrasive
hardness of a plane parallel to the ¢-axis may be greater than that of a subbasal
plane, the real thickness of a section parallel to the ¢-axis is greater than that of one
paraliet to the subbasal piane (Figure 11-3). Or, the combined effects of both
explanations may be the cause for the abnormally high interference color. Yeliow
quartz is useful because it indicates that the c-axis is nearly paralle]l to the

microscope stage.



Yellow Quariz’

1 mm

Figure 11-2.

Crossed polarized light photomicrograph of “yellow quartz” from the granitic gneiss. This

14

abnormally high interference color is used to choose the quartz grains whose c-axes are nearly

parallel to the stage of microscope.
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is normal to c-axis.
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Another noteworthy property of the quartz from the study area is that the
crystals go to extinction when the subgrain boundaries are set parallel to the north-
south or east-west cross hairs of the microscope, indicating that the subgrain
boundaries are parallel to the ¢-axis. c¢-axis orientation, therefore, is either parallel
to the north-south or east-west cross hair, and it is easy to distinguish cne of these
as the c-axis orientation using a gypsum plate. With a gypsum plate inserted at the
extinction position, if the interference color increases after slight clockwise rotation
of stage, then c-axis orientation is parallel to the north-south cross hair. On the
other hand, c-axis orientation is parallel to the ecast-west cross hair if the
interference color decreases after same rotation.

Combining the two assumptions, (1) yellow quariz indicates that the c-axis
is nearly parallel to the microscope stage and (2) subgrain boundaries are parallel to
the c-axis, it is possible to measure the ¢-axis of quartz on a flat stage, as long as
these two features (yellow quartz and subgrain boundsries) are present. This
technique was tested by looking at the interference figures; uniaxial flash figures
confirmed the predicted crystallographic orientation.

The quariz c-axis fabric is plotted on a rose diagram instead of a stereonet
because the angle of difference between the ¢-axis and the microscope stage cannot
be measured precisely by this method. There is a possible range of 20 to 30
degrees in this angle, but the c-axis fabric plotted on a rose diagram is still valuable
to determine the sense of shear in a non-coaxial deformation (Etchecopar, 1977).

Plotting on a rose diagram and a stereonet is compared in Figure I1-4.
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(o)

L : lineation
C : C plane

Figure Il-4.  Quartz o-ax|s pattarn on a s18reonet and a Rase diagram whan the major working siip piane is
{000%}. Inthis study, a Rose diagram s used bscause c-axis plunge is nat measured. (a) c-
axis pattern aiter dextral simpls shearing. {b) c-axis pattern aftar sinistral simple shearing.
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Ii-4. METHODS FOR ORIENTING THE GRAIN SHAPE FABRIC

In the gramitic gneiss from the field area, a quartz ribbon fabric which is
oblique to the mafic mineral layering was observed (Figure [I-5). The mafic
mineral layering is assumed to be parzlle]l to the shear zone boundary or the C-
fabric because it is more consistent and stronger than the quartz ribbon fabric, and
the quartz ribbon fabric is assumed to be equivalent to the S-fabric.  Since the
anple between the mafic mineral layering and the quartz ribbon is very smali and
also varying, it is not reliable to determine the sense of shear by rough estimation.
A computer program, called "GBO" (grain boundary orientation calcuiation) was
written to get the orientation of grain shape fabric (Figure 11-6 and Appendix C).
By doing separate digitizing on mafic minerals and quartz ribbons, their maximum
orentation value (&) can be calculated, and these angular relationships are used to

determine the sense of shear,
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Figure 1I-5,

Plane polarized light photomicrograph of S- and C- fabric from the granitic gneiss (viewed from
the north). C-plane is defined by layering of mafic minerals and S-plane is defined by quartz
(Qtz) shape fabric.



Figure )I-6.
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III. LITHOLOGY

ill-1. GRANITIC GNEISS

The granitic gneiss is mainly composed of quartz and feldspar with small
amounts of bioctite, clinopyroxene, amphibole and garnet (Figures III-1). The
powder X-ray difftaction pattern was matched with JCPDS by Rigaku software. As
plotied on the guartz-feldspar-other mineral termary diagram (Figure IlI-1 {d)}, the
amount of quartz and feldspar exceeds 60 percent of the whote rock composition.
The color of this rock type, however, is dark, probabiy due to the grain size
reduction and the weathering of oxide and mafic minerals such as ilmenite,
amphiboie and pyroxene.

On the handspecimen scale the rock has a foliation defined by alterrating
mafic and feisic layering. On the microscopic scale, the granitic gneiss shows the
very distinctive granulite texture of quartzofeidspathic rocks (Nockolds and others,
1978) with long quartz ribbons and aggregates of finely granufar quartz and
feldspar (Figures III-2 and III-3). Quanz ribbons have subgrain boundaries and
cracks generally perpendicular to the long dimension of the ribbon., The grain
boundaries in the aggregates are straight or slightly curved, and usually meet at
j20° triple junctions. The length of quartz ribbon ranges from 2 millimeter 10 2
centimeters and the average size of individual quartz and feidspar grains in the
aggregates is around 0.5 millimeter (Figure II1-2).

Accessory minerals include apatite, sphene, rutile and zircon. Weathered
products such as sericite ang stains associated with amphibole and biotite are also

common.
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Modal mineralogy and powder X-ray ditfraction pattern af the granilic gnetas. (a}, {b) and (¢):
Modai mineralogy determinad from paint counting. "Othar Mineral® includes apatite, opaque
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Figure I11-2.

Crossed polarized light photomicrograph of quartz ribbon in the granitic gneiss. Quartz ribbon
and aggregates of finely-granular quartz and feldspar (usually perthite) are present, In the
aggregates, the grain boundaries are straight or slightly curved. (Qtz = quartz, MC=
microcline, Hb = hornblende, and Pth = perthite)



Perthite

Figure 3. Crossed polarized light photomicrograph of perthite from the granitic gneiss.
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The granitic rock in this study is called charnockite on the New York State
Geologic Map (Isachsen and Fisher, 1970). The term chamockite, sensu stricto, is
the anhydrous granite-mineralogy granulite facies rock which has hypersthene
{Nockoids and others, 1978). Hypersthene, however, is not 2 common mineral in
this rock type in the study area. Therefore, a better term to describe this rock is
quartzofeldspathic gneiss since it has around 60 to 80 percent quartz and feldspar

(Figure T1-1 (d)).

1I-2. AMPHIBOLITE

The major rock-forming minerals in the amphibolite are plagioclase,
amphibole, orthopyroxene, clinopyroxene, biotite, garnet and ilmenite (Figures IfI-
4). Sphene and zircon are present as minor minerals. The overall grain size (0.5
millimeter t0 3 millimeser) is larger than that of the granitic gneiss.

Twinned plagioclase grains are common; some examples of tapering
twinning are also found. Piagioclase composition (An25 to An45) was determined
by the Michel-Levy method.

The common amphibole in this rock is homblende with ilmenite inclusions.
Although there are hornblende-rimming-orthopyroxene contacts (Figure II[-5), it is
hard to generalize that the homblende-orthopyroxene contacts are coronatic.
Garnets are usually rimmed by plagioclase, and the minerals in contact with this
rimming plagioclase are orthopyroxene and amphibole (Figure IEI-6). These

textures are discussed in the metamorphism section at the end of this chapter.
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Modal mineralogy and powder X-ray diffraction pattern of the amphibolite. (a) and (b): Modal
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Figure llI-5.

Plane polarized light photomicrograph of hornblende-orthopyroxene contact in the
amphibolite. The dotted grains in the sketch may be secondary (retrograde) hornblende. (Hb =
hornblende, Opx = orthopyroxene, IL= ilmenite, and Pl = plagioclase).
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Figure lll-6. Plane polarized light photomicrograph of plagioclase-mantling-garnet texture from the
amphibolite. (Gt= garnet, Pl= plagioclase, Hb = hornblende, and Opx = orthopyroxene).
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II}-3. MARBLE

Marble is found in the northwestern part of the field area and is composed
of calcite, quartz, orthopyroxene, scapolite, plagioclase ard sphene (Figures II1-7).
Calcite (around 70 volume percent) surrounds other minerals. Calcite shows

deformation twins and serrate grain boundaries.

I11I-4, METAMORPHISM

In the granitic gneiss, perthite, formed by unmixing of plagioclase and K-
feldspar, is the most common feldspar. 1n igneous rock, perthite is very common if
the cooling rate (after crystallization) is slow enough so that Na* and K* ions can
diffuse and migrate. The perthites in this granitic gneiss, however, may possibly
have a metamorphic origin, i.e., without melting. This is possible because the
temperature of granulite facies is high enough to reach the spinoidal curve.

The overall grain size in the amphibolite is larger than that of the granitic
gneiss. This is thought to be due to the rheological difference between the easily
deformed quartz-rich mineralogy and the more competent plagioclase-amphibole-
orthopyroxene mineralogy during the ductile deformation. More sodic piagioclase
(An25 to An45) may also imply the effect of hydrous shear zone deformation
because calcium depietion in plagioclase is a common phenomenon during hydrous
shear zone deformation (Beach, 1980).

Some of the orthopyroxene-homblende contacts in the amphibolite (Figure
TIE-5) which consist of hormblende rimming orthopyroxene suggest the formation of

homblende {(dotted grains in Figure III-5) by bydrous retrograde metamorphism,
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One of the following chemical reactions may explain the formation of secondary
hornblende by the hydrous retrograde metamorphism;

{ Hypersthene + Clinopyroxene + Plagioclase +H:0 }

— { Homblende + Quartz }
or
{ Hypersthene + Plagioclase + H:0 }
— { Hornblende + Almandine + Quartz }
-Reactions from Winkler (1979, p. 265)

For most of the hornblende, however, it is hard to interpret the formation of
homblende by the above retrograde reactions since first, the above reactions form
quartz as a product which is not common in the amphibolite, and second, the
straight homnblende grazin boundaries is more adequately interpreted as primary
rather than secondary. Another way of interpreting the coexistence between
orthopyroxene and hormblende is in terms of Pygqer (Water pressure) during
metamorphism. According to De Waard's subfacies model (1965) of the granulite
facies, the granulite facies can be divided into six subfacies in Pygaq and Pygier

space. In his subfacies model, bornblende occurs as Pya¢er increases (e.g. from

orthopyroxene-plagioclase  subfacies to homnblende-~orthopyroxene-plagiociase
subfacies). The hornblende in the amphibolite, therefore, can be interpreted as
primary hornblende formed during high Pyyae¢ granulite facies metamerphism.
Plagioclase-mantling-garnet texture (Figure II1-6) can be explained by the
effect of a pressure decrease during metamosphism. Gamnet is a denser repository
for Ca and Al than anorthite at high pressure so garnet decomposes to anorthite
with a pressure decrease. In pelitic rocks, the following reaction as a result of

decompression has been documented.:
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{ Gamet + Sillimasite }
— { Plagioclase } (with pressure drop)
-Reaction from Lonker (1980)

The age of granulite facies metamorphism is 1150 to 1000 Ma (Bohlen and
Mezger, 1989), and the estimated temperature and pressure range for granulite
facies metamorphism is 750 to 825 °C and 0.70 to 0.85 GPa, respectively (Bohlen
and Mezger, 1989).
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IV. STRUCTURAL GEOLOGY

1V-1. INTRODUCTION

A shear zone is defined as "a zome with subparallel walls in which high
deformations are localized. Such zomes can show strain disconiinuities across a
plane fa fault), or the strain variarion may be continuous across the zone such that,
on the scale of a rock ouicrop, no geometrical disconrinuities can be seen (a ductile
shear zone)." (Ramsay and Huber, 1983, p. 53). In other words, a brttle shear
zone has a discontinuity (fault) which divides the almost undeformed walls of the
shear zone while tracing the layers is possible in a ductile shear zone because there
is no discontinuity. Ductile shear zones are extremely common in deformed
crystalline basement rocks (gramnites, gabbros, gneisses) which have been deformed
under metamorphic conditions of greenschist, blueschist, amphibolite and granulite
facies (Ramsay, 1980).

Mylonite, originally, was the term to describe a rock formed by apparently
brittle deformation which shows such textures as "crushed”, "dragged” or "ground
out". However, it is possible to have an almost identical-looking rock by ductile
deformation with recovery and recrystallization. Bell and Etheridge (1973)
proposed a new definition of mylonite: "A mylonite is a foliated rock, commonly
lineated and comaining megacrysts, which occurs in narrow, planar zones of
intense deformation. It is often finer grained than the survounding rocks, into
which it grades." According to Bell and Etheridge’s definition, there is room for
the ductile-deformation mylonite. The usage of "mylonite” in this study will refer

to the mylonite which has a ductile deformation origin.
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In Ramsay’s (1980) definition of shear zone, the words "rarrow" and
“localizarion of deformarion” are used. 1t is worthwhile to think about why these
terms are used. [n the low temperature mechanical tests of rocks, stress must be
increased for a strain increase because the movement of dislocations is limited by
obstacles (strain hardening) (Figure IV-1). This stress increase 1s not quite realistic
in geology. However, in high temperature deformation of rocks, stress increase is
not necessary due to strain softening processes such as recovery and
recrystallization. Therefore, the narrow shear zone (localized zone of deformation)
is possible due to strain softening processes. Without strain softening (recovery in
the broad sense), all of the rocks of the crust would be deformed up to the degree
of strain hardening. Genetically, a shear zone can be defined as a zone of strain
softening (White and others, 1980). .

During petrographic work, microstructures indicating plastic deformation of
minerals were observed; the shear zone model was based on these. The foilowing
sections describe the macroscopic and microscopic structures and interpret these

structures to test the shear zone model.
1V-2. MACROSCOPIC STRUCTURES
Observation

The foliations in this area are subhorizontal and very consistent throughout
the field area (Figure 1V-2). In the granitic goeiss, they are defined by alternating
mafic and felsic layers. Mafic layers are composed of amphibole, pyroxene,

biotite, garnet, and ilmenite. Felsic layers are usually made up of quartz and



Figure IV-1.
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Figure Iv-2. Structural map of the study area and equal area projaciion of folintions and lineations on the
stareanat. The lithologic boundary in the southern part is drawn attar the New York State
Gaclogic Map (Isachsen and Fisher, 1870).
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feldspar. The thickness of each layer ranges from 2 millimeters 10 5 centimeters.
In the amphibelite, foliations are weaker than in the granitic gneiss.

The lineations are east-west trending and their plunging angle is also fairly
consistent throughout the area (Figure IV-2). Lineations are defined by the long
dimensions of minerals such as quartz and amphibole. Quartz lineations can be
easily detected by touching the feliation surface because quartz is more resistant to
weathering than other minerals present.

There are two major contacts between the amphibolite and the granitic
gneiss, one around the 1600 ft. contour line and the other around the 2000 ft.
contour line (Figure IV-2), At the contact, highly strained granitic gneisses and

folded amphibolites ar¢ present (Figure IV-3).

Intgrpretation

Strong subhorizontal foliations and east-west trending lireations together
with microstructures (discussed below) provide the evidence for the shear zone
deformation in this area. Lineation is assumed to be the direction of motion since
finite stretching direction becomes parallel to the stretching lineation for large
amounts of strain.

Around the lithologic contact, highly strained gramitic gneiss and folded
amphibolite are observed (Figure IV-3). These structures are interpreted to be
related to the rheological difference between the granitic gneiss and the
amphibolite, The difference in flow behaviors of these two rocks seems to be

related to the compositional difference.
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Figure IV-3. Lithologic contact between the granitic gneiss (at the top) and the amphibolite (at the bottom).
The lithologic contact is at the hammer head. The station number for this outcrop is 89-6 (see
Figure |-2).
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Although the most highly strained rocks are found at the lithologic contact,
the whole area (in a vertical sense) seems to be highly deformed, since both planar
and linear fabric with plastic deformation microstructures is found consistently
across the whole area. Therefore, a large scale (km, scale) ductite shear zone is

sugpested.

1V-3, MICROSCOPIC STRUCTURES: OBSERVATION

Eeldspar

Perthites are the most common feldspar in the granitic gneiss and found in
aggregates with quartz. The grain boundaries between perthite-perthite and
perthite-quartz are straight or slightly curved (Figure I11-2). The average grain size
is about 0.5 millimeter and unimodal (no megacrysts). The correlation of
microcline twins and plagioclase lamellae between neighboring perthites is poor.
Some plagioclase in the amphibolite shows tapering twinning and subgrain

boundaries (Figure 1V-4).

Quartz

In the granitic gneiss quart2 is present as either ribbons or aggregates with
perthite (Figure III-2). The length of quartz ribbons ranges from 1 millimeter to 2
centimeters. The quartz ribbons are usually made up of multiple small grains with
both low and high angle boundaries. Subgrain boundaries (deformation bands) are

very common and their orientation is generally perpendicular to the long dimension
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(b)

Figure IV-4. Crossed polarized light photomicrograph of plagioclase deformation microstructures: (a)
Deformation twin, (b) Subgrain boundary. (Pl= plagioclase, Hb= hornbiende, and Gt = garnet)
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of the ribbon. The overall c-axis pattern in quartz ribbons is perpendicular to both
foliation and lineation. Pinning is also found in the quartz ribbons (Figure TV-3).
Most of the quartz ribbons show cracks perpendicular to the long dimensions of the
ribbon.

In aggregates, the average grain size of quartz is almost the same as that of
perthite (0.5 millimeter). The c-axis pattern from the aggregates is not so

concentrated as the pattern from the ribbon.

Calcite
The most dominant microstructure of caicite is twinning (Figure IV-6). The

grain boundaries between adjacent calcite grains are serrate (Figure IV-6).

Biotite and amphibol

Grains of biotite in the mafic layer have preferred crystallographic
orientation. The (001) cleavage plane of biotite is aligned parallel to the foliation
defined by compositional layering. The long dimensions of amphibole grains are

afignied parallel to the lineation.

IV-4. MICROSCOPIC STRUCTURES: INTERPRETATION

Eeldspar

Experimental studies (Tullis and Yund, 1985; Tullis and Yund, 1987) of K-

feldspar show that there are two major deformation regimes in feldspar: I}
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Pinning

250p

Figure IV-5. Crossed polarized light photomicrograph of pinning between two quartz grains, suggesting the
grain boundary migration from the unstrained quartz to strained quartz.
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Figure IV-6. Crossed polarized light photomicrograph of deformed calcite from the marble.
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dislocation creep and 2) cataclastic flow, In dislocation creep (temperature
equivalent to upper amphibolite and granulite facies metamorphism), the major
strain softening mechanism is dynamic recrystallization (Tullis and Yund, 1985). A
common microstructure produced by dynamic recrystallization in dislocation creep
is mantle-core texture. The feldspar cores are fairly undeformed and farge whereas
the mantle is made up of small grairs formed by dynamic recrystallization of rim-
feldspar. Therefore the grain size distribution will be bimodal since there are large
megacrysts (core) and small new grains (mantle). The small new recrystallized
grains wiil share common featres {crystallographic orientation and composition)
between the neighboring grains.

In the cataclastic flow regime (up to lower amphibolite facies
metamoerphism), the dominant microstructure is grain size faulting (Tuilis and
Yund, 1987). Grain size faulting is 2 small scale (grain scale) inter- and intra-
grain faulting.  The analogy for this deformation is sugar and/or salt grains in the
bottle flowing through a narrow bottle neck (Figure 1V-7 (a)). Therefore, the
composition and the crystaliographic orientation do not have to match between
neighboring grains.

The perthites from the granitic gneiss have unimodal grain size distribution
and almost no common features with neighboring grains. Therefore it is likely that
the microstructures coincide with the cataclastic flow regime. However the
following processes can produce the same microstructures: (1) complete dynamic
recrystatlization at dislocation creep (no megacryst left) with slight rotation of new
grains (Figure IV-7 (b)) (it will make comparison between neighboring perthites
difficult on a microscope if the starting plagioclase lamellae shape is irregular), or

(2) cataclastic flow after complete dynami¢ recrystailization(Figure IV-7 {¢)). To
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be sure about the feldspar deformation regime, one needs to compare the
geochemistry between neighboring feldspar grains and this work was not done m
this study.

Plagioclase in amphibolite shows iapering twins which is a common
deformation microstructure in the temperature conditions of amphibolite and

granulite facies metamorphism (Ji and Mainprice, 1990).

Quartz

Subgrain boundaries are commen features of quartz ribbons; the mechanism
for formation of subgrain boundaries and the reason why the subgrain boundary is
nearly parallel to the c-axis are illustrated in Figure IV-8. When torque is exerted
on the crystal, the crystal will be bent to cause undulose extinction since the
ortemtation of the c-axis is graduvaily changing (Figure IV-8 (a) and (b)). If the
shape of the bent crystal remains unchanged, distocations, which are geometrically
necessary, will be formed {Figure IV-8 (c)). To lower the strain energy,
dislocations will migrate and annihilaie each other. If not annihiiated, dislocations
will be tangled and form subgrain boundaries nearly parallel to the c-axis (Figure
IV-8 (d)). Sub-parailelism between subgrain boundaries and the c-axis is possible if
the working slip plane is the basal plane.

The regime of dislocation creep for quartz can be divided into two domains:
(1) prismatic slip domain (high temperature), (2) basal slip domain (low
temperature). The transition between these two domains occurs at the temperature
condition of lower amphibolite facies metamorphism. The model of different siip

systems for quartz at different temperatires is based on a comparison of regional
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Figure V-8, Stages of subgrain development in the quartz {Nicolas snd Poirier, 1976). (a) undaformed
crysizl. {b}alastic bending. (c) tormalion o geometrically necessary distocations. (d)

tarmation of subgrain boundaries.
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geology (metamorphism) to c-axis pattern (Bell and Etheridge, 1976; Miller and
Christie, 1981). In the quartz ribbons, subgrain boundaries perpeadicular to the
foliation and lineation are most common, which suggests the basal <a> slip. The
inferred temperature for the quartz ribbon formation, therefore, is lower than the
temperature condition of lower amphibolite facies metamorphism.

Pinning (Figure IV-3) is thought to be formed by grain boundary migration
from strain-free quartz to strained quartz. In this process, a grain of higher
dislocation density, hence higher free energy, is consumed by the dislocation free
grain and dislocations are absorbed at the grain boundary (Poirier, 1985). Mantle-
core texture is found in the quartz. These textures, pinning and mantle-core, are
related to strain softening processes. Cracks found in the ribbons are interpreted as

microstructures related to the later uplift since there is no material in these cracks.

Calcite

Twins and serrate grain bovndaries are observed in the marble (Figure IV-
6). The temperature of transition between the twinning regime and the grain
boundary migration regime is around that of lower greenschist facies metamorphism

(Schmid and others, 1987).

IV-5. SHEAR SENSE INDICATORS

To describe the nature of a flow, vorticity, which is defined as the sum of

the angular velocity of two orthogonal lines, is used {(Passchier, 1987). A special

case of flow is pure shear flow when the kinematic vorticity number is zero.
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Another special case is simple shear flow when the kinematic vorticity number is
one. A general flow whose vorticity number is between zerc and one is non-
coaxial flow, and simple shear flow is a special case for non-coaxial flow. In a
non-coaxial flow, the sense of vorticity which is the orientation of the vorticity
vector is loosely known as the sense of shear. When describing the shear sense,
terms such as "clockwise” or “counter-clockwise™ are used. The danger, when
using such a terminology as "clockwise or counter-clockwise”, is that the nature of
flow (usually the range of kinematic vorticity number is between 0 and 1) can be
omitted. For example, it is possible to have atmost coaxial flow with clockwise
shear sense {when kinematic vorticity number=0.1). Therefore, when dealing with
the shear sense, one must not assume the flow as simple shear flow. Shear sense
indicators used in this study are quartz c-axis fabric, S- and C- cross cutting

relationship and outcrop scale folding. The result from these indicators will be

explained.

Figure 1V-9 (a) shows the quariz c-axis patiern observed from ribbons. As
explained in Chapter 1i, only low-plunging-angle c-axes are represented on this
figure. Figure IV-9 (b) illustrates how the c-axis rotates with simple shearing in
two dimensions (Etchecopar, 1977). One thing 10 note is that the ¢-axis is rotating
in the opposite way to shear sense while the slip plane is rotating with same sense.
The shear sense from the ¢-axis pattern is slightly counter-clockwise dominant,

which is equivalent to the hanging wall to the west shear sense (Figure IV-9 (a)).
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The term S-C mylonite was first used by Berthe and others (1979) in
describing the evolution of mylonitic fabric found in granitic gneiss. They
described the S-surface as a surface related to the accumulation of finite strain and
the C-surface as a surface of localized high shear strain or a shear zone boundary.
Their explanation for the origin of S-C fabric is, "the simultaneous development of
the S- and the C- fabric during myionitization” {(p.31, Berthe and others, 1979).
Later, Lister and Snoke (1984) reparded this type of mylonite as Type I S-C
mylonite and added another category, Type Il S-C mylonite. Type II S-C mylenite
is usvally found in deformed quartz-mica-rich rock whereas Type I S-C mylonite is
found in quartz-mica-feldspar rock. Type I1 S-C mylonite alse differs from Type |
S-C mylonite in the S-fabric-defining mineral. In Type II S-C mylonite, the S-
fabric truncating the C-fabric is defined by quartz grain boundaries, whereas
preferred orientation of mica which is asymptotic to the C-fabric is defining the S-
fabric in Type 1 S-C mylonite. However, the determination of sense of shear using
the geometry of S- and C- fabric is identical in Type I and 11 S-C mylonites as
shown in Figure IV-10.

Figures [V-11 shows the raw data (traced grain boundaries of mafic and
felsic minerals) and result from the program "GBO" (grain boundary orientation)
calculation. The maximum grain shape orientation values are found at 3 and 1°
relative to horizontal line (short edge of the paper), for mafic minerals and felsic
minerals, respectively. There is 2 difference between the orientations of mafic
layering and long dimension of felsic minerals, perhaps indicating hanging wall to

the west sense of shear.
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Figure 1V-12 is the digitized image of quartz ribbon grain boundaries and
"GBO" output with the C-fabric oriented parallel to the long edge of the reference
rectangles. Four samples (88-9, 88-15G, 88-20, and 88-47) seem to show hanging
wall to the west sense of shear and one sample (88-36) shows hanging wall to the
east sense of shear, The rest of the samples (88-40 and 88-32) show symmetrical
grain boundary orientation relative to the C-fabric.

Although the results from "GBO" are not unequivocal, it should be
emphasized that this technique would give better resuits for rocks of low strain,
since there is larger angle difference between S- and C- fabric in low-strained

rocks.

h fr fol

Along the amphibolite and the granitic gneiss lithologic boundary is found
folded amphibolite {Figure IV-3). Assuming this fold is formed by non-coaxial
deformation, the shear sense is hanging wall to the west, The assumption about the
non-coaxial deformation seems to be reasonable since the granitic gneiss would

have been folded and found under the amphibolite if the folding was formed by
buckling.

Discusston
Except the shear sense from the outcrop scale folding, the shear sense from

the microfabric {c-axis pattern and shape fabric orientation) is only slightly hanging

wall to the west dominant. The word "slightly” is used since the structural pattern
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is close to being symmetric. There are two possible explanations for the symmetry.
First, the nature of deformation could be very close 10 coaxial deformation. As
discussed, in the case of a kinematic vorticity number close to zero (e.g. 0.2), the
patiern of structural elements can be symmetric. Second, an intense deformation
can also proeduce 2 symmetric pattern in the structural elements. For exampie, the

S-fabric approaches an orientation parallel to the C-fabric as the strain accumulates.



6l

V. TIMING OF SHEAR ZONE DEFORMATION

The Ar isotope mineral dating technique can give the timing of the cooling
through the blocking temperature of a certain mineral and be used to construct the
cooling path and uplift history of a region. Dating the deformation events,
however, is difficult because there is almost no relation between deformation and
isotopic change. In this chapter, an indirect way of dating a2 deformation is
discussed using the temperature condition for certain microstructures found in
minerals,

It is possible to infer the approximate temperature range of deformation
using the plastic deformation microstructures because certain temperature conditions
are necessary to form certain deformation-related microstructures. 1 will call these
microstructures "microstructural geothermometers™ because it is possible to estimate
the temperature of deformation with these plastic deformation microstructures.
Some of the microstructural thermometers used in this study are from natural rocks
(Bell and Etheridge, 1976; Miller and Christie, 1981), and some are from
experiments (Tullis and Yund, 1985, 1987; Schmid and others, 1987). Examples
of microstructural thermoreters from natural rocks (Bell and Etheridge, 1976;
Miller and Christie, 1981) are based on the comparison of observed plastic
deformation microstructires with a known metamorphic grade {i.e., temperawre).
Microstructural thermmometers from experimental studies (Tullis and Yund, 1985,
1987: Schmid and others, 1987) are from the observed microstructures of different
temperature conditions of experiments.

Assuming the microstructural geothermometers give a reasonable range of

deformation temperature, it is possible to date the deformation event by imposing
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mineral deformation conditions onto the cooling history curve of a region. In this
study, 2 simple cooling history curve which excludes the possibility of reheating
during cooling, from the Lake George area (Ree, 1991), is used (Figure V-1 (a)).
Plastic deformation microstructures from quartz, feldspar and calcite (summarized
in Figure V-1 (b)) are carefully examined under the petrographic microscope to
impose the deformation event on the cooling history curve.

Figure V-1 {a) is the cooling history of the Lake George area, The Lake
George area is located about 40 km. t0 the southeast of the field area. Using the
general temperature conditions, the metamorphic grade windows are drawn (Figure
V-2) since the microstructural geothermometers {plastic deformation features of
minerzls} give an approximate range of temperature conditions in terms of
metamorphic facies rather than exact temperature conditions.

Three alternative temperaivre conditions for the feldspar-microstructural
geothermometer are placed on the cooling history curve; (i) cataclastic flow regime
(Figure V-3 (a)), (it) dislocation ¢reep regime (Figure V-3 (b)), and (iii) cataclastic
flow after dislocation creep regime (Figure V-3 (c)). The feldspar cataclastic flow
regime model is valid if neighboring feldspar grains are from different parent
grains, which may result in different geochemistry between neighboring gratns.
The feldspar ductite deformation regime is also possible since slight rotation after
dynamic recrystaliization can produce apparently different-looking feldspar grains
(compare Figure V-3 with Figure I1V-7).

Quartz ribbons show subgrain boundaries perpendicular to the foliation and
lineation, suggesting dominant basa! slip. This microstructure is interpreted to be
formed at temperature conditions lower than the temperature of lower amphibolite

facies metamorphism (Bell and Etheridge, 1976; Miller and Christie, 1981). The
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higher temperature stip system texture, which is prismatic slip, secems to be
anneaied.

Calcite in the marble shows two different deformation regime
microstructures: (i) ewinning regime and (ii) grain boundary migration regime. The
temperature  boundary between these two microstructures is around lower
greenschist facies metamorphism (Schmid and others, 1987).

Microstructural thermometers from feldspar (of three alternative madels),
Quartz, and calkcite are placed on Figure V-2, It is shown in Figure V-3 that the
ductile shear zone deformation began on early stage of cooling after peak

metamorphism and persisted in this area for at Jeast 150 m.y..
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VI. DISCUSSION

In this chapter, three problems concerning dating the deformation, the
nature of shear zone deformation, and the determined shear sense will be discussed,

In dating the deformation, the foilowing assumptions were made: (i) there
was no reheating  during cooling and (i) referenced microstructural
geothermometers are reliable. The first assumption about no rebeating can cause
signiftcant error in dating the deformation. For example, the duration of shear zone
deformation can be a ot shorter if the temperature goes down to greenschist facies
metamorphism during the first 50 million years after the peak metamorphism and
goes up to the homblende blocking temperature again as plotted. Therefore, it is
necessary to examine the metamorphic textures formed by reheating (prograde
metamorphism). The second assumption about the temperature range indicated by
the deformation microstructure is also questionabie. Microstructural
geothermometers from experiments (e.g. Tullis and Yund, 1985) can mislead since
extrapolations from laboratory conditions to natural conditions can be erronecus
because of huge strain rate differences between laboratory conditions (*10%/sec) and
nateral conditions (~ 10*/sec).

Another probiem is the nature of the shear zone deformation. The estimated
duration of shear zone deformation in this study, based on several assumptions, is
150 to 200 million years. It is worthwhile to consider the nature of the deformation
during this time interval: Was the deformation continbous over a wide range of
time and temperature? Or was it a series of punctuated events? Maybe the only
way to answer these questions is (0 carefully examine the deformation

microstructures of two coexisting phases, e.g., feldspar and quartz, a problem
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which has just started to attract the atiention of experimental stuctural geologists.
This problem will remain unsolved until satisfactory experimental results are
achieved.

The shear sense determined from quartz c-axis fabric and the cross cutting
relationship between S- and C- fabric is slightly hanging-wall-to-the-west dominant.
However, close examination reveals that these microstructures are more symmetric
than asymmetric. As discussed in Chapter IV, symmetry in structural elements can
be produced by intense shear zone deformation or almost coaxial flow with a small

non-¢oaxial component.



70

VIi. SUMMARY

1. Strong subhorizontal foliation and east-west trending lineations with
plastic deformation microstructures suggest subhorizontal ductile shear zone
deformation at Oliver and Sayder Hills, Minerva, southeastern Adirondacks.

2. The shear sense determined from various indicators is slightly hanging-
wall-to-the-west dominant. However, structural elements such as c-axis fabric of
quartz and the S- and C- fabric cross-cutting relationship show more symmetry than
asymmetry. The symmetry in these structural elements can be interpreted as
formed by intense deformation or almost coaxial deformation.

3. It is possible to estimate the timing of shear zone deformation using the
regional cooling history curve and microstructural geothermometers. The time
relationship shows that the ductile shear zone defermation was present over a wide

period of time and temperature,
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Appendix A. Glossary

Coaxial flow: flow with the stretching directions paralle]l to the same material

lines from one moment to the next (Means, 1990)

Climb (distocation climb): At high temperature or at slow strain rate deformation,
edge dislocations are no onger constrained to remain in their slip plane. By
diffusion of material toward or away from the dislocation core, the length of
the extra half plane can be zltered so that the dislocations ¢limb from one

slip plane to the next (Hobbs and others, 1976, p.90).

Dynamic Recrystallization: A process whereby strain-hardened grains are

replaced by new unstrained grains.

High angle boundary {(grain boundary): planar defect where latiice
misorientation is greater than 5 degrees.

Low angle boundary (subgrain boundary): planar defect where lattice

misorientation is 1° to $° (Hobbs and others, 1976, p. 93).

Non-coaxial flow: flow with different material lines paralle] to the stretching

directions from one moment to the next (Means, 1950)

Recovery: (In broad sense} All the processes that attempt to return a deformed
crystal to the undeformed state without the formation and migration of kigh
angle boundaries. Most of the recovery processes are associated with a
general decrease in the dislocation density resulting from the edge

components of dislocations climbing until they meet another disiocation of
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opposite sign and annihilating each other. The screw components cross slip
to produce similar results. Since this process involves cfimb, recovery can
only take place at a temperature where solid-state diffusion can proceed at a
rate sufficient to produce an appreciable climb rate (Hobbs and others,

1976, p. 108).

Strain Hardening: At low temperature deformation, dislocations moving on the
slip plane tend to be obstructed by various obstacles such as other
dislocations, impurities, precipitates, and grain boundaries. For
deformation to go on, stress increase is needed. This condition on the
stress-strain curve for a material is defined as strain hardening (Nicolas,

1986, p. 38).

Strain Softening: An increase in strain rate at constant stress or a reduction in

stress at consiant strain rate (White and others, 1980).
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Appendix B,

Orientation of samples

Sample # Orientation | | Sample # Orientation | | Sample # Orientation
88-1 N17E 88-28 S28E 89-5 w

88-2 N70W 88-29 S15E 89-6A N75W,658
88-3 S43E 88-30 S78E (OVT))
88-4 STE 88-30A N82W 89-6B S30wW
88-4A N4gwW 88-31 S70E 89-6C S75E,90
88-5 N.O. 88-32 S80E 89-6D N.O.
88-6G S43w 88-33 N 89-9 N.O.
88-6GL S40W 88-34 S62E 89-14 N.Q.

88-7 S20w 88-35 N85SW 89-15 N78W,808
88-9 N70W 88-36 S6E §9-19 SI5E
88-10 N25W 488 88-37 S7T0W 89-19-2 N.O.
88-11 N15wW 798 §8-38 S10W 89-21 N.O.
88-12 N71W 88-39 N75E 89-23 NSOE
88-13 NIOW 84N || 88-40 S78W 89-24 N.QO.
88-14 S70E 88-40-1 N75W 89-26 N30w
88-15 S58E 88-41 S15E 89-27 N8OE
88-15G S25E 88-42 S50W 89-28 S75E
88-16 S10w 88-43 NS5E 89-29 S75E
88-17 N68W 84S 88-44 N6SE 89-29-2 SS0E
88-18 S8W 88-45 N30wW 89-30 N75E
8R-19 S10W 88-46 S71E 89-3] N.5(L.)
88-20 N28E 88-47 N38W §9-32 N30E
88-21 N5S4W 88-49 S60E 80-33 N52E
88-23 SIZ2E 88-50 N70W 89-34 E,15L.)
88-24 S75W 88-52 S75W,65N 89-35 N.O.
88-25 S15E 80-1 N.O.

88-26 S75E 89-2 N40E Samples with TREND
88-27 N8SE 89-4 N5E,71E only, have two horizontal

N.O. = Not Oriented
OVT. = Overturned Plane

L. = Lineation

lines, angd the drawn
arrow is the trend of one
of the two lines.

STRIKE & DIP represent
the orientation of marked

surface.
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APPENDIX C. Source code of the Program "GBO"

The program "GBO" is coded in Microsoft QuickBasic (version 4.5) and
composed of 7 programs and 1 MS-DOS batch file which automatically executes
the program in order. The seven programs are "GBO_STRT", "GBO CNV",
"GBO_ALP", "GBO_MAIN", "GBO_ROSE", "GBO_SCR", and "GBO_ACS1".
The batch file is "GBO.BAT". The functions of each individual program are
explained in the PRINT statement of the program "GBO_STRT". Sections C.1 to
C.8 are the source code of the batch file and programs.



C.1. GBO.BAT

dir *.s8cr /w
dir = _dxf /w
pausn

ocho off
gbo_strt
gbo_cnvy
gbo_alp
gbo_main
gbha_rose

gba_ser
gba_acs2
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C.2. GBO STRT

FOR 1 ~ 1 TO 25:

PRINT
PFRINT
PRINY
PRINT
PRINT
PRINT

Albany"

PRINT
PRINTY
PRINY
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINY
==}

PRI

-

LOOP UNTIL INKEYS «<»

PRINT
PRINT
PRINT
PRINT
PRINYT
PRINT
PRINT
PRINT
PRINTY
PRINT
PRINT
PRINT
PRINTY
PRINT
PRINT
PRINT
PRINT
FOR 1
PRINY
DO

l YO 6:
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NT : NEXY 4
Pragram GO
Var. 1.1"%
Jan. 12, 19%90"
Y Jin-Han Rae. Dept. of Geclegical Sci., SUNY at

& Youngde Park, Datp. of Geology, Templa Unfv.™

This progam calculates the orientation”
af follation {veferroed az a:angla from"
pazitivg x-ax1s) USING THE GRAIN =
BOQUNDARY ORIENTATION. i

Press any kay to contirua. - .. ., "

"
N

Rezstriction”

The Maximum numbar of data paints”
for 640K 2ystom 1% 7000 which 18™
about 390K bytas 1n DXF File."

Speaad"

It took abeout 60 minutoe=z to calsusate
2000 DAYA points on 10MMHz BO2B6 machina."”
= 20 minutas on 10MHz BOZAY caopracasaar"

PRINT - NEXT 4

LOOP UNTIL INKEYS <>

PRINT
PRINY
PRINT
PRINT
PRINT
PRINT
PRINYT
PRINT
TP

PRINT
PRINT
FPRINT
cjose"
PRINT
PRINT
PRINT
PRINT
fila. "
PRINT
f1la. "
PRINT
PRINT
PRINT

Baver,S5., 1967 ."

Prass: any key ta cantinug,.....":

Data Procasz2ing Flow"

- - - Y

GAO_STRT.EXE prints the information and recorda"
the FILENAME dats to GBO.CFG f1la”

GBO_CNY . EXE gxtractz XY caordéinate of point™
from DXF (AutoCad) f1l12 and writos

fi{le."
GRO_ALP .EXE calentate: the Longth & Slapo of"
a 11ne which 13 definad by two

point: and writezx ALP fi4l1e."
GBO_MAIN.EXE calculatoe A{A) and writas DAT"

fils. “See Schmidt, 1987="
GBO_ROSE .EXE writaz ROSE Diagram SCR (AutoCad)

GBO_SCR.EXE writes A(A) & A SCR file{AutocCaqa)

~ Schmidt,.S.M., Panczro,.R. and
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PRINT * Simpla zthoar axpoariments: on calcite
rocks: "
PRINT " rhaclogy and microfabric, J. of

Structural"

PRINT " Gaology, vol. 9, pp ?7672-778.'
PRINT

PRINY Proge any key te continue......";
DO

LOOP UNTIL INKEYS <» "o
FOR 1 = 2 TO 25: PRINT : NEXT 1

PRINT " oo s m- '
PRINT "DO not type “.DXF'."™
PRINT "wmmanmoameiwwsswasome "’

INFUT "DXF f1lonama';: as

OPEN "GBO.CFG" FQR OUTFUT AS #1
PRINT #1, as

PRINT w1,

CLOSE w2

END



C.3. GBO_CNV

CECLARE SUB OpanOxf ()
CECLARE SuUB Pass {(cntt, as)

COMMON SHARED ent
COMMON SHARED af

CALL QOponDxf

Do
CALL Passa{l, as)
LOOP UNTIL af « “POLYLINE"

CALL Pazs(l2, a%$)
Do
PRINTY #2, "PQLYLINE"™
Do
CALL Pa=ss(3, as)
IRPUY w1, x
CALL Paxs(l, as$)
INPUYT W1, ¥
CALL Pazz(4&, a%)

PRINT w2, “wwwh
PRINT w2, USING "MNww pMuwwep. x;
PRINT %2, *“,":

PRINT #2, USING “wadv _Slpvdw": v
LOOP UNTIL a% = "SEQENDY
PRINY w2, “"SEQEND"
CALL FPass{4a, as)
IF as$ = "POLYLINE” THEN CALL FPass{lz, a$)
LOCF URTIL &% - “"ENDSEC™

PRINT #2, "ENDSEC"Y
PRINT #2, "EOF"“™

CLOSE %2 ‘“9Ymput file
CLOSE w2 ‘cutput fi1de
END

5uU8 OpenOxf
PRINT "Running GBO_CNV.EXE (DXF to TMP conversiocon)™

PRINT Ve avwasscsanacsssacnansascsansanannanensanwnnsee

PRINY "BEGIN AT “; TIMES; “"///": DATES
OPEN “gbo.cfg" FOR INPUT AS #]
INPUY w2, fS

CLOSE w3

QPEN 3 + " .dxf" FQR INPUY AS #12

OPEN % + ".tmp"” FOR OUTPUT AS W#2
€£ND SUBH

5uB Pass {(cnt, 23%)
‘Pass tng tho unngcasstary parametars 4n DXF f1le

FOR 1 = 1 TO ent
INPUT #1, aj%
NEXT 4
£ND SUB
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C.4. GBO_ALP

DECLARE SuB

CONST MaxArray - 72000

OpaenTmp {xI .

¥i,

CONST ToDeg =~ 57_20578#

CONST YoRad = .0174E3

DIM SHARED »(1 TO MaxArray), Y¢{1 TO

OiM SHARED zagend(l TO EQO)

COMMON SHARED zéqgcent
CALL DpenTmp{(x, Y.

PRINT #2, zogend(sgagcn
FOR 3 - 1 TO zeqent -
FOR 3 = soqand(d1) «
IF 3 <« seqend{1 «
d = SQR((x(J) -

sageond,

seqcnt)

t) - 2oqent -
1

1 TO seqand(4
1) THER

x(3 ~» 1)) ~ 2

saqond!) ,

MaxArray)

+ 1)

= {¥Y(H

Jd3

alpha

®Xrurr & x{J + 1) - =(3%)
IF %Xvun = O THEN
aipha = 90
ELSE
alpha « ATHN((Y(JI + 1) -
END IF
PRINT #2. USING “waas SMyppe"
PRINT w2, " ",
PRINT w2, USING "AS#NV_suabwa’;
END XIF
NEXT 4
NEXT 1
PRINT @2,
CLOSE w2
END

SUB OpanTmp (%, Y,

segend,

seqcnt )

togentl )

Y(3 +~ 13)

PRINT "Running GBO_ALP.EXE (TMP to ALP convers ton)”™
PRINT Mo rmmeamccmantmam ot e e e e e e e e o - - Trmer--
OPEN "gho.cfg" FOR INPUT AS w1

INPUT w1, ¥3

CLOSE #1

DPEN S « "_tmp" FOR INPUT AS #2

OPEN €3 + ".alp"™ FOR OUTPUT AS #2

PRINT “HEGIN AT "; TIMES: "“///": OATES

1 - @

J =

zagondg{l) ~ Q
INPUT #1, as%:
00
oo
4 = 1 + 1
INPUT #1, x{1),
TNPUT #1, a$
LOOP UNTIL a8§% »

INPUT #1, a$

Y{1)

“SEQEND"

I3~ 1 4 2: zaqand(]) = 1
INPUT w1, as$
IF 4% = "POLYLINE" THEN
INPUT #1, a$%
END IF
LOOF UNTIL a$ - "ENDSEC™

soqent = j
CLOSE #1
END SuB

A

23

¥(3)) / xrun) * ToCeg
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C.5. GBO_MAIN

DECLARE SUP OponA)
CONST MaxArray « 7
CONST TaDeg - 57.2
CONST ToRad «~ ,017

0OIM SHARED d{} TO
DIM »rot{d TO 180)
COMMONR SHARED «nt
Start « TIMER
CALL OpanAlp(d,
FOR ¥ = 1 TO 1@:
FOR r « O YO 280

FOR 1 1 YO cent

rot(r) « rot(r

NEXTY 4

PRINT "O-;
NEXT »
PRINT

al
=

max

-598

FOR v+ =w O FO 280
IF rot{r) > ma
NEXT r

FOR v» = 0O TD 180
rot{r) = rat(r)

PRINTY w2, USING
PRINY w2, v,";
PRINT #2, USING
NEXT »
CLOSE w2
fimal = TIMER
PRINT “ Run Timow
PRINTYT
END
SuUB CpoenAlp (d, al

PRINT
PRINT -
PRINT "BEGIN AT
OPEN *“gbo.cfg"”
INPUT w2, F%$
CLOSE #2
QOPFEN fS <+
CPEN f$ + “.dat"v
INPUT #), cnt
PRINT *“Numbar of
FOR 4 =« ] TO cnt
INPUT #1, o&(3)

NEXT 1
CLOSE #1

END SuB

"Running G

P

“.alp”
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P (at,
Q00
9S7ewm
453

alpt. cntl)

MaxArray), alp(l TO MawArray)

p. cnt)

RINY r"0O2123466789": : NEXT 4: PRINT “O"

> + 4(1) = ABS(COS(ToRad * (alIp{3) - »)))
X THEN max = rot{r})

/ max » 100

“edmewt s e

UHSAYN WET L ot ()

"; INV(fenal - =tart); " soconds....."

P ©SNnt)

BC_MAIN.EXE (ALP ta DAT conversion)”
"y TIMES; “///";
OR INPUT AS #]

DATES

FOR INPUT AS w2
FOR CUTPUT AS #2
Data="; ent

alp(1)

v



C.6. GBO_ROSE

OECLARE SUB pr (x|, yt)

CONST MaxArray = 7000
CONST ToRad « ,01745a3

REM SDYNAMIC
DIM d{1 TO MaxArray), alp{l TO MaxArray), counter(d TO 71)

PRINT YWr-4iting Rcsa Diagram SCR Fi1lae”
PRINT " ot ot e o o o o o 0 0 e e e el e b e e e e o 1 P
PRINT "BEGIN AT “; TIMES; “///": DATES
OPEN "GBO.CFG" FOR INPUT AS #1

INPUT w), 5

CLOSE #]

CPEN % + " _ALP"™ FOR INPUT AS #1
INPUT w#1, e&nt
FOQR 1 = 1 TO ent
INPUDY #1, og{1)., alIp{1)
IF alp{i) < O THEN alp{(4) =~ 180 + alp(1)
NEXT 1
CLOSE #1

FOR % « O TO 35: caunter{(1) = O0: NEXT 1

FOR 4 ~ 1 YO cnt
FOR % = Q TO 23S

a = 3 *~ 5 . 2.5

b=w 15 + 2.8

IF {aip{1) »= a) AND (alp(1) =< b)Y THEN
counter(ld) = counter(})y +« H4{3)
GOTO 1
END 1IF
NEXT 3
1
NEXT 1

max = =599
FRR 1 « O ¥O 35

IF counter({) > max THEN max =~ cauntar({i)
NEXT 1

radius = 2.75: ex = 12: ¢y =« 2.7S
FOR 1 = 0 TO 36: countar{1) = radiuz * gcounter{i) / max: NEXT 3

FOR 4 =~ 36 TO 71: gounter(i1) -~ countarl{d -~ 3I6): NEXT 1

OPEN f§ + “".scr” FOR ODUTPUT AS #1

PRINT %1, “zoom"

PRINT #), "“O.g&g"

PRINT #1,

PRINT #1,

FOR 1 = O TO 71
a - ({ ~ 53 » ToRad
r - countari{1)
IF » <« .1 THEN GOYO 2
"l «» v * COS{a}) + cx: ¥l = r = SIN{(a) =+ cy
PRINT #1, "pline"
CALL pr(cx, <¥)
PRINT #1, "“"width"
PRINT #1, "O.O01™
PRINT #1, "O0.02"
CALL pr(x). ¥1)
PRINT #1,

2

NEXT 1

PRINT #1, "toxt"

PRINT #1, “mtiddler”

PRINTY #1, "15.5,2.78"

PRINY w1, "Q_2"

PRINT #1, "O"

PRINT w#1, - O™

PRINY #1, “"taxt"



PRINT #1, "micddia"
PRINT ¥#1, "BR.S5,2.7B"
PRINT w2, "o._.2"

PRINT %}, *“o©
PRINT #1., "lHa0 -
PRINT w1, "raxt"
PRINT #1, "middlo"™
PRINT #1, "12_6&8_75"
PRINT W), "Q.2"
PRINT #)1, "O-
PRINT m#1, vap©
PRINT #1, "ectrcle"
CALL pr{cx, cy)
PRINT #1, "2.?5"
PRINT #1, "circlav
CALL pri{ecx,. <y)
PRINT #~1, "1 _37s5"
CLOSE w1

END

SUB pr (%, ¥

IS « "W NMNRANT D DS - AN, SAYNENT

IF % »>= 10 THEN
PRINT #1, USING d23; X3
ELSE
PRINT #1, USING dl3$:; %3
END IF
PRINT w2, v, "
IF ¥y >»= 10 THEN
PRINT #1, USING a25;
ELSE
PRINT #2, USING dlS$; v
END IF
END SUB

%
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C.7. GBO_SCR

PRINT "Writing & & A{&) SCR f4le”
PRINT "—-emcaca e cscmmaman——
FRINT "BEGIN AT "; TIMES: “///"; DATES
OFEN “gbo.cfg” FOR INPUT AS w)
INPUY wi, £5

CLOSE #1

OPEN f$ « " _ SCR" FOR APPEND AS w1
QFEN 8 + "_DAT" FOR INPUT AS #2
PRINT #1, "LINE"
PRINT #1, "1,1*
PRINT &1, "1,5.3"
PRINT #1, "7,5.3"
PRINT %1, "7,1"
PRINT #)1, "1,1“
PRINT #1, "

PRINT #1, "LJNE"
PRINT w2, “1,0.9"
PRINT w1, “31,1"
PRINT w1, "

PRINT #}, “"LINE"
PRINT #1, “2_.0.%"
PRINY #1, “"2,1.1"
PRINY M), "¢

PRINT #21, "LINE"
PRINT #1, "X, 0.89"
PRINY #1, ®"a,1.1v
PRINTY w1, v

PRINT w1, “LINE"
PRINT 41, "4,0.9"
PRINT #1, "4,1.1°%
PRINT #1, "%

PRINT #1, “"{INE"
FPRINT #1, "6,0.93"
PRINT w1, "B,2.1"
PRINT 41, "

PRINT #1, "LINE"
PRINT #1, "B,0.9"
PRINT #1, "6,1.1"
PRINY w1, ™

PRINT #1, "LINE"
PRINT #1, “7,0.8"
PRINT #1, "7,1"v
PRINY w2, "

PRINT #1, "LINE"
PRINT W3, “"£©.8,1"
PRINT #1, “1,1"
PRINT #X, "

PRINY #2, “LINE"
PRINY w1, "O.9.,2%
PRINT w1, "1.1,2"
PRINT #1, "

PRINT #l1, “LINE"
PRINT #l1, "0.9,3"
PRINY w2, "1.1.,3"
PRINT #21, "*

PRINT #1, “LINE"
PRINT #), v0.9,4%
PRINY #31, “1.1,4"
PRINYT mwiy, "¢

PRINT #1I, “"LINE"
PRINT #1, "0.9,85"
PRINT #, “1.1,86"
PRINT wi, "“

PRINT w1, "TEXT"
PRINT #1, "MIDDLE"
PRINT #1, "1,0.2"
PRINT #1, "O.2"
PRINT #1, "O"
PRINT #1, "o"
PRINT w1, "TEXT"
PRINT #1, "MIDOLE"
PRINT #1, "2,0.2"%
PRINT #1, "O.2"
PRINT w1, “aQ"
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PRINT %),
PRINT #1,
PRINT #2,
PRINT %1,
PRINT w1,
PRINT w1,
PRINT #1,
PRINT #1.
PRINT #)1,
PRINT #1,
PRINT #1,
PRINT wl,
PRINT w»3i,
PRINT #1,
PRINT w1,
PRINY w1,
PRINT w1,
PRINT #1,
PRINT #1,
PRINT W1,
PRINT #1,
PRINT w1,
FRINT #21,
PRINT #1,
PRINT w1,
PRINT w1,
PRINT #1,
PRINT w1,
PRINT #1,
PRINT w3,
PRINT w1,
PRINT w1,
PRINT #1,
PRINT w1,
PRINT #1,
PRINT #1,
PRINT W1,
PRINT W1,
PRINT #1,
PRINT #1.
PRINT #1,
PRINT w#1,
PRINT wl,
PRINT #1),
PRINT #1,
GRINT #1,
PRINT w2,
PRINT #2,
PRINT #1,
PRINT ¥,
PRINT #1,
PRINT w1,
PRINT #1,
PRINT w1,
PRINT w»1,
PRINT #1,
PRINT #1,
PRINT #1,
PRINT #1,
PRINT #1,
PRINT w1,
PRINT #1,
PRINT #1,
PRINT #1,
PRINT w1,
PRINT #1,
PRINT #1,
PRINT #1,
PRINT %1,
PRINT w1,
PRINT #¥1,
PRINT #1,
PRINT #1,
PRINT w1,
FOR I = O

nyQ
H“TEXT™
“MIODLE"
Aoy
wg. 2w
g

N
"TEXT"
"MIODLE"
ng.o.9n
o, 2n
i

nag -
wTEXT"
"MIDOLE"
"5,0.7"
Q.2
e
wymge
"YEXT"
"MIDOLE"
ne.o.7n
ng.on
ﬂo'll
“160"
“TEXT™
"MIDOLE"
!l7’°. 7!-
wp g
Q'ol'
180"
"TEXT"
"MIDOLE "
.'4.0.3.'
”0.3“
”ofl
"ALPHA (DEGREE)}"™
“TEXT"
“MIDOLE"
'lo.,-' l’l
no_zn
ﬂo\'

“olo
“TEXT"
“MICDLE"
nQ.7Z.2"
“gy
!Iol'

.'25.'
QITEXTI'
"MIDOLE"
vo.7,3"
”0-2“
wHn

l'son
IITExTII
"MIDDLE"
”0-7 .400
Ilo‘zﬁ'
Iloll

II,sll
"TEXT"
"MIDDLE"
'o.7.8"
"ove.’
llol'
~100"
"TEXT"
“MIDOLE"
uovavan
Qlo_a'l
“90"
“A{ALPHAR"
“LINE"
To 180

INPUY w2, X, Y
X m X / 230 = 1

Y oY s

25 + 1

PRINT #1, USING "w.#wa":

X;
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PRINT #1, % _»;
PRINT W1, LUSING "#.NpM": V¥
NEXT I
PRINT #2, ™©
PRINT #i1, "REGEN"
CLOSE w#)
CLOSE #2



C.8. GBO_ACSI]

PRINT "PROGRAM GaO_ACS1™

PRINT "mucwucmaccowemmmew"

PRINT

PRINTY

PRINY “Accossory Program for GARO"

Lod 20 8 I P PP PP ———

PRINT "To get total zum of digitized LINE longth"
PRINT

PRINT

PRINT

PRINT “waw Do not typa .alpv

INPUT "nName of ".alp’ Ffilea ta raad"; €35
OPEN 3 + "“.alp” FOR INPUT AS #1

OPEN fS + "“.8cl"” FOR QUTPUT AS #2

INPUT #1, count

tum = O

FOR § = 1 TO count

INPUY #1, 4, a

sSum

NEXT ¢

PRINT
PRINT

CLOSE
CLOSE
END

- gum + o

sum

#*2, "Tota) T4ne length for “; fX; Y = ";: sum

w1
L
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