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ABSTRACT

COMPARISON OF THE QLS. ELLIPSOID AND ELLIPSOIDAL REDUCTION SPOTS USED

TO DETERMINE FINITE STRAIN IN THE PRECAMBRIAN KONA SLATE MEMBER:

MARQUETTE COUNTY, MICHIGAN

By

Erick C. Nefe

It has been suggested by Bennett (1972), Tilmann and Bennett (1973 a,b)

and Anderson (1977) that the Q ellipsoid method may be a valuable tool for

describing regional tectonic forces.

Kona slate in the Marquette synclinorium containing reduction spots

has been examined by Westjohn (1978). Westjohn (1978) concluded that the

reduction Spots demonstrated h5% flattening in the Z axis, with extensions

of 60% and 15% in the X and Y axes, respectively.

The QLS. ellipsoid (constructed by anisotropic velocity measurements)

of the Kona Slate exhibited similar axial orientations and similar axial

ratios. The average deviation (resultant vector) of the axes of QLSi

ellipsoid from the known reduction spot was (1.80, 1.10, 1. ho ) for the

major axis, (2.60, 6.80, 6.30) for the intermediate axis and (1.60, 6.60 ,

6.80) for the minor axis using an orthogonal set of (X, Y, Z) axes and a

deviation technique described by Fisher (1953) and McElhinny (1973).

Comparison of the mean axial ratios for the QLSi ellipsoid demon-

strated a h8% flattening in the Z axis, with extensions of 62% and 21%

in the X and Y axes, respectively. It is concluded, from the close

agreement between the QLS. ellipsoid and the reduction spot ellipsoid

orientations, that the QLS ellipsoid is a valuable tool for describing

regional finite strain in an area.
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INTRODUCTION

Early earthquake seismologists considered that anisotropy

was possible, and used it to help explain anomolies in seismic

observations Rudski (1911); Neuman (1930); and Byerly (1934).

These early earthquake seismologists led the way and as seis-

mology and ultrasonic equipment became more advanced, many

surface rocks were also found to be anisotropic on a small

scale McCollum and Snell (1932); Weatherby, Born and Harding

(1934; Ricker (1953); White and Sengbush (1953); Cholet and

Richards (1954); Uhrig and Von Melle (1955); White, Heaps and

Lawrence (1956); Jolly (1956); Dunoyer and Laherrere (1959);

Shimozura (1960); Duda (1960); Macpherson (1960); Brace (1960);

Anderson (1961); Backus (1962); Gassman.(1964); Schmidt (1964);

Crampin (1970); Nur (1971); Cerveny (1972); Cerveny and Psencik

(1972); Anderson, Minister and Cole (1974); Crampin (1975, 1977);

Meissner (1977); Schlue (1977); Levin (1978); Berrman (1979);

and Crampin and Kirkwood (1979). Anisotropy in rock samples

has also been indicated at the ultrasonic level Tocher (1957);

Motveyeu and Martyanou (1958); Musgrave (1959); Balakrishna

(1959); Kopf and Wawryik (1961); Birch (1960, 1961); Klima

and Babuska (1968); Thill (1968, 1969); Tilmann and Bennett

(1973 a,b) and Anderson (1977). According to the above re-

search, velocity anisotropy may be caused by preferred crystal

orientation, grain orientation, stress fields, structural

1
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layering, microfracture and macrofracture orientation, direc-

tional porosity and/or permeability. Bennett (1972) further

states that velocity anisotropy can be used as an indicator

of these structural and petrofabric patterns.

Bennett (1972) developed a simple seismic model for deter-

mining principle aniSotropic directions within crystal aggre-

gates. In general his model uses an elastic stiffness figure

referred to as the Q ellipsoid. With this model three different

body waves with orthogonal particle motion can propogate in

anisotropic media in any prescribed direction. Thus, the Q,

which determines the surface of the Q ellipsoid, is the sum

of the squares of the three phase velocities for a given di-

rection, multiplied by the density. The principle axes of

the Q ellipsoid are identical to the orthogonal crystallo-

graphic axes of a single crystal Bennett (1972).

Tilmann and Bennett (1973b) applied the Q ellipsoid con-

cept to three rock types; a quartzite, a marble and a plas-

tically deformed granitic boulder. For all three samples the

elastic velocities were measured. The quartizite and the marble

were compared to their respective optical petrofabric analyses,

while the results of the granitic boulder were compared to its

shape axes. It was observed that each rock sample behaved as a

homogeneous pseudosingle crystal. Conclusions made were that

the orientations of the Q ellipsoids were controlled by crystal

orientations and structural effects, and that the shape axes of

the plastically deformed granitic boulder closely coincided with

the Q ellipsoid axes. Thus, the Q ellipsoid method may be use-

ful in regional tectonic studies.
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It has been suggested by Bennett (1972), Tilmann and

Bennett (1973b) and Anderson (1977) that the Q ellipsoid may

prove useful in describing regional tectonic forces. Thus it

is the purpose of this research to test that hypothesis, re-

gionally.

A study area was selected where in situ finite strain

indicators are present. Westjohn (1978) used ellipsoidal re-

duction spots in the Kona slate member of the Marquette syn-

clinorium (Figures 1 and 2) as one means of determining finite

strain for that member. The purpose of this research is to

select similar samples from similar sites and determine the

relationship between the in situ ellipsoidal reduction spots

and the theoretical Q ellipsoid.



GEOLOGIC SETTING

The area of study is generally south-west of Marquette in

the Upper Peninsula of Michigan (Figures 1 and 2). Van Hise

and Bayley (1897) were the initial investigators in this area

and they have written extensive geologic reports interpreting

the Proterozoic history of the Upper Peninsula of Michigan.

Other geologic study was done by Gair and Thadden (1968) in

the Marquette and Sands guadrangles and Puffet (1974) studied

the Negaunee guadrangle. Taylor (1973) did extensive mapping

of the Kona dolomite formation and lithologically described

each member in detail.

The Kona dolomite formation is part of the Chocolay Group

from the Middle Precambrian metasediments. Gair and Thadden

(1970) felt a need to clarify the terminology of the Middle

Precambrian sediments of this area. They proposed that the

name "Marquette Range Supergroup" replace the term Animikie

Series for the Middle Precambrian strata. For more detail

regarding the lithology of the area the reader can consult

any of the following references.

The major structural feature in the area is the Marquette

Synclinorium, which is a west trending trough of deformed

Middle Precambrian metasediments (Figure l). The trough it-

self is approximately six miles wide in the north-south direc-

tion and thirty miles long in the east-west direction. The

Middle Precambrian trough is surrounded by Lower Precambrian

rocks to the north and south. Cannon (1973) and Van Schmus

(1976) believe the Penokean Oregany, which occurred approximately



Figure 1. Map of the Northwestern Upper Peninsula of

Michigan showing the study area location.
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Figure 2. Map of the study area showing Westjohn's eight

site locations where reduction spots "occur".

Westjohn's site locations are listed above

each point and the samples collected for this

study are numbered below each point. Site la

and 7a were added by this author. Westjohn's

sites 2 and 3 were found to be in error because

no Kona argillite was present in either area.

This is supported by Taylor (1973).
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1.85-1.95 B.y. ago was responsible for the deformation of

the trough. The tectonic event included deformation, meto-

morphism, extrusive and intrusive igneous activity.

Cannon (1973) proposed that the Middle Precambrian meta-

sediments were deposited on a peneplaned Archean basement com-

plex and folded by two processes. First, regional gravity

sliding produced gentle folding and then vertical faulting

in the Archean basement rocks formed the folded Marquette

supergroup into the Marquette trough. Klasner (1978) proposed

a similar model but his model consists of four phases of de—

formation. With Klasner's four stage model continuing meta-

morphism took place during the first three stages. Phase I,

consiated of gravity sliding of soft sediment off an ancestral

Penokean range located in central Wisconsin. Phase II, con-

tinued regional deformation took place. Phase III, deforma-

tion.was due to uplift of the lower Precambrian basement as

rigid blocks. Metamorphism peaked in this phase. Phase IV,

produced continued uplift of basement rocks and this uplift

produced grabens such as the Marquette trough.

Westjohn (1978) suggested that more evidence was needed

to support or reject Cannon's and Klasner's model. Thus he

selected the Middle Precambrian Kona delomite formation for

his research to determine finite strain for the area. He

selected a slate (argillite) member of the Kona formation for

several reasons. The Kona slate member is well exposed through-

out the trough, it has a well developed secondary fabric, and

it contains reduction spots and deformed veins. Westjohn used

reduction spots (ellipsoidal green to yellow bodies, which were

believed to be spherical prior to deformation) and deformed
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veins to conclude that the Marquette trough was shortened

approximately 45% normal to the trough.

The major stimulus for this research is that the slaty

units of the Kona formation have a well developed secondary

fabric according to Westjohn (1978). The purpose of this re-

search is to answer the questions, will this well developed

secondary fabric be detected by anisotrOpic ultrasonic phase

velocity measurements and, if so, how is the theoretical Q

ellipsoid related to the in situ ellipsoidal reduction spots

for a regional study area?



ll

LABORATORY PROCEDURES

Sample Preparation:

The Kona slate samples with reduction Spots which were

collected from the Marquette synclinorium (Figure 2) were

large (,.100 lbs.). All ten were marked with field orientation

measurements. Due to a well formed cleavage, most samples were

less than four inches thick (perpendicular to cleavage). After

trimming of the large odd shaped samples, the samples were cut

into four inch "cubes". It was critical during all cutting

that opposite sides be parallel so that there would be a good

coupling between the samples and the wave guides of the ultra-

sonic equipment (Figure 3d). Two cubes were cut from each sample,

if size and condition of the sample permitted, to assure that

measurements were representative of each sample. The samples

were marked as l, l', 2, 2', etc. All samples contained re-

duction spots and the reduction spots determined the cutting

of each cube. Figure 3a-e shows the cutting process and orien-

tation of the reduction spots with respect to the cubes. For

all samples the cleavage was in the plane (XY plane) of the

major and intermediate axis of the ellipsoidal reduction spots.

An observed axes variation of 100 was noted between reduction

spots of the same sample. After both sets of cubes were com-

pleted, the corners of the cubes which were perpendicular to

the cleavage were cut at 45°, forming octagons (Figure 3b).
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Tilmann and Bennett (1973b) suggest that since the P

and S wave velocity surfaces may be quite complex in shape,

the maximum value chosen from just a few measurements may not

be the true surface maximum. So to insure that the true maxi-

mum value was chosen, the octagons were cut in such a way as

to permit measurement in nine directions (Figure 3c).

Each samples nine propagation directions were marked using

an orthogonal set of X, Y and z axes (Figure 3e). Directional

cosines were used to determine direction of the signal through

the sample (Table I). Directional cosines are simply the angle

between the signal propagation direction and the respective X,

Y and Z axes (Figure 3e).

Measurements were then taken in nine directions for each

sample.

Attenuation of the signal in the Z direction (0.0, 0.0,

1.0) made it necessary to cut off an approximate 2.0 cm plate

from each sample. This smaller sampling distance caused less

attenuation and signal time picks could be measured more

accurately.

Thin Section Preparation:
 

Thin sections were prepared for all samples in the XY plane.

Due to the very fine fabric of the slate, the grain orientations

were measured at lOOX or 200x. All thin sections displayed a

definite lineation of ellipsoidal pyrite grains in the same

direction as the ellipsoidal reduction spots. The average

deviation from the x axis for 50 pyrite grains per sample are

listed in Table VI and the results are discussed in the result

and discussion section of this research.



Figure 3a.

Figure 3b

and 3c.

Figure 3d.

Figure 3e.

13

Shown is a typical field sample. The cleavage

of the sample is in the plane of the paper.

The dotted lines represent cut directions. Two

Isamples were cut from each large field sample

if size and shape permitted.

Cutting was done so that nine propagation

directions could be measured.

It was very important that all opposite sides

were parallel for two reasons. First, so good

coupling between the wave guides and the sample

could be accomplished and second so that the

wave path (dotted line) would be a true repre—

sentation for the propagation direction.

Labeling of the directional cosines with respect

to the XYZ axes is shown in these two examples.
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Operation of Ultrasonic Apparatus

The apparatus is shown in Figures 4-11. The apparatus con-

sists of two pulse generators, a lathe assembly, an amplifier,

a high-low pass filter and an oscilloscope. An electrical wave

form is sent out by the pulse generator. One pulse is sent di-

rectly to the oscilloscope (line B) where it is used to deter-

mine time = 0. The other pulse (A) is sent through the sample

by a P—S conversion technique (Figures 8 and 9), the signal is

then amplified, filtered and the visual response is shown on

the oscilloscope (A). The change in time from t = 0 (B pulse)

and the signal (A pulse) is determined. This is the "total

transit time" it took for the Signal to get through the sample

and the transducer assemblies (Figures 8 and 9). The amount

of "sample transit time" is found by first measuring the "time

delay", which is calculated when the transmitting and receiving

transducer assemblies are placed in direct contact. For this

research the transducer assembly "time delay" for the P—wave

was 45/«sec.and 60/nsec.for the S-waves. Thus the zero sample

length times or the "time delay" substracted from the "total

transit times", yields the "sample transit times". For a more

detailed explanation of the electronics behind the apparatus

operation consult Bennett (1968).

A similar process was used to determine the sample length.

The lathe was calibrated in such a way so that one 3600 clock-

wise rotation of handle A (Figure 6) brought the wave guides

0.2539 cm closer. Each 3600 degree rotation was marked on the

lathe bed platform. The shaft of the handle was further cali-

brated (Figure 6) to allow the measurement accuracy of 1 0.0025 cm.
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Figure 4. Schematic diagram of the ultrasonic apparatus.

Figure 5. Photograph of the ultrasonic apparatus used

for this research.
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Handle A is located on the far left of the

lathe assembly and it is used to measure

sample length to an accuracy of -0.0025 cm.

This gauge “is located on the far right of

the lathe assembly and used to insure that

the same amount of pressure was exerted on

each sample by the wave guides.
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Figure 8. A schematic diagram of the transducer assembly.

The P-S conversion was done by cutting the

prisms at‘z 48 or the critical angle for the

shear wave.

Figure 9. Photograph of the transducer assembly.
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Figure 10.

Figure 11.
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Transducer assembly with sample in measuring

position.

Photograph of the cathode-ray tube display of

P-S conversion transducer wave form arrival

after passing through a sample of the Kona

slate. The sweep speed of the oscilloscope

was 20 jAsec.per division. The bottom trace

is the impulse trigger or t = 0. The top

trace is the wave form arrivals. The P wave

can be seen having a "total transit time" of

approximately 62 jksec. The 5 wave can be

seen having a "total transit time" of approxi-

mately 88 /usec.



 

 MN
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Overall based on repeated measurements it was found measurements

were accurate to :0.0005 cm. The total estimated error for the

distance measurement is :0.0075 cm.

To insure that the pressure exerted by the closed trans-

ducer assemblies, around the sample, was the same for all samples

a gauge measuring inch lbs. was used (Figure 7).

Sample Measurement and Calculations:

Apparatus operation having been explained, one sample cal-

culation will be shown.

Sample #10', prOpagation direction 1

Distance: 19.0492 cm.(distance with wave guides closed)

- 9.8802 cm.(distance with sample)

= 9.1690 cm.(sample length)

Time: 59.2/M.sec.(total transit time)

-45.0‘/~sec.(transducer assembly transit

time for P-wave)

Velocity: 9.1690 cm/l4.2 x 105 sec = 6.457 km/sec

Qi and QLS-' the accompanying standard deviations, and

the determination of the principle axes were calculated

using a computer program shown at the appendix of this

report.

The resulting velocities are listed in Table Ib and the

sampling distances are listed in Table Ia.



Q-ELLIPSOID METHOD

Q Ellipsoid:
 

Bennett (1972) developed the Q ellipsoid as a tool for

specifically detecting preferred crystallographic orientations.

As stated in the introduction:

2

2
Q = Qé = (Vi + V + vi) (1)

where r) is density and can be considered constant, V1 is the P

wave phase velocity in the ith_direction and V2 and V3 are the

phase velocities cf the two orthogonally polarized shear waves

for the iEh direction. The principle axes of the Q ellipsoid

always coincides with the optical indicatrix axes for a single

crystal in the cubic through orthrombic system Bennett (1972).

Therefore, for a cubic crystal the Q ellipsoid would reduce

to a sphere. For uniaxial and biaxial crystals the Q surface

would become an ellipsoid of revolution and a triaxial ellip-

soid, respectfully. When considering crystal aggregates one

can consider them as an elastic long-wave equivalent to a single

crystal, so the locus of the values will be represented by an

ellipsoidal surface. Tilmann and Bennett (1973b) have set

three criteria if the Q surface is ellipsoidal. First, the

material is homogeneous and anisotropic; second, the principle

anisotrOpic directions are described by the principle axes of

the ellipsoid; and third, the percent difference between the

axes of the ellipsoid is a measune of the degree of elastic

anisotropy, which is controlled by anisotropic crystal orien-

tation and structural effects.
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Equations of the elastic wave theory in anisotropic media

were used to derive Equation (1), Bennett (1972). Equation (1)

or Qi will be treated as the calculated value of the Q ellipsoid

in the ith direction. The calculated Qi values can be least

squares fit by using the equation:

_ 2
ex

QLSi ’ 1i “11 + mi"“22 + “i“33 + 21mi"i"‘23 + 2nili 31 + 21imi°"12

where QLS is the least square value in the ith direction, (limini)

i

are the measurement directional cosines.for an arbitrarily chosen

set of orthogonal axes X, Y and Z and the o<'s are the elements

of a symmetric 3 x 3 matrix.

Equation (2) by means of referring to the principle axes

becomes:

_ 2 2 2 _ 2 2 2

QLsi"l"‘11‘“‘“°‘22+n"‘33‘1QI‘”““92"n93 (3)

= . . 0‘ . . .
wherecx ij 0, 1 ¢ 3. Thus, the (°<1l’°‘22' 33) c01nc1de Wlth

the major, intermediate and minor axes.

By setting:

_ 1

l r

where r is the distance from the origin to the reference Q ellip-

soid, and by substitution of:

1:5
r

:1m r (5)

Z
n:-

r

one finds that

1-952 22 22r2 — (r) Oi + (r) 02 + (r) 03
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_ 2 2 2
1 — x Ql + y Q2 + 2 Q3 . (6)

Equation (6) is now in the form of an ellipsoid whose

principle axes have lengths of (Ql)-%, (Qz)-k, and (Q3)-%, which

are the major, intermediate and minor axes, respectfully.

The elements of thecx matrix in Equation (2) are determined

by the least square method outlined by Nye (1957). The deter-

mination of the elements of thecx matrix is based on the matrix

equation:

Q = eex'
(7)

where the Qi values are related to the directional cosine matrix

9 and thec< matrix. The Q matrix elements are the measured Qi

values from equation (1). The a matrix is constructed by using

the directional cosines which are the l, m and n coefficients of

Equation (2). Thecx matrix is determined by solving Equation (7)

for

_ -1
ac - (Ste) GtQ (8)

which yields the computational form for determination of the

matrix. For a more detailed mathematical explanation consult

Nye (1957, p. 164-165).

The principle axes of the Q ellipsoid can then be calcu-

lated, from the best fit «:matrix. By this method described by

Nye (1957) unit vectors which are normal to the least squared

Q surface are successively calculated until they converge onto

the major axis. The minor axis is found by inversion of the

matrix and repeating the process. The intermediate axis is

then determined by the cross-product of the major and minor
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axes. By using the directional cosines of the major, inter-

mediate, and minor axes from Equation (2), the magnitude of

these axes can be determined.

After the QLS. surface has been determined it can be com-

pared to the measured Qi values and this comparison provides

a statistical test for homogeneous anisotropy. In an aniso-

tropic media the measured Qi values will vary with direction

and the values should approximate an ellipsoid. Five standard

mean-square deviations can be calculated to check the accuracy

of the Qi values. The equations are as follows:

 

(I n 2‘ a

G R = a 12:1 (Qi-Qfi) J (9)

_ '1 n 21 s5
6 s — a 12:1 (Qi-QS) (1o)

_ _ f1 n _ _ 2 as

6me — E 1: (QLSi'Qm) J (11)

k n
- .1.

6se _ 11 1= (QLS.-Qs)i % (12)

.. 1

F1 11

6e = I.) 1%. (Qi-QLS.)2J 15 (13)

.. l 
where n is the number of measurements; Qi is the calculated

ellipsoid value in the ith direction; Q is the best fit Q
LS.

1

value in the ith direction; QR is the mean Q value from the

data,

-_1“Q
gm _ n IE1 i

and QS is the average trace element of the symmetric matrix
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where

QLSl = QLS along direction (1.0, 0.0, 0.0)

QL82 = QLS along direction (0.0, 1.0, 0.0)

QLS3 = QLS along direction (0.0, 0.0, 1.0)

QS serves as a radius of a best fit sphere for the data.

The standard deviations (Gm, 63) measure the deviation

Of the Qi values from the mean and best fit sphere, respectfully.

The standard deviations (5-me' see) measure the deviations of

the calculated QLS values from the mean and best fit sphere,

respectfully. The standard deviation 6e measures the devia-

tion of the measured Qi from the best fit Q surface. If all

data points fall exactly on the ellipsoidal surface «Ge = O and

G.— = 63-.
ms m

The uniformity of sampling will in part determine the re-

liability of the least squared Q surface. The following equa-

tion will indicate the uniformity of sampling:

QR _ Q5

Q8

x 100 = percent uniformity of sampling (l4)
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where once again Qfi is the mean of the data and Q8 is the

average trace element. When the percent ratio is small, the

sampling is uniform. As the sampling becomes less uniform, the

percent ratio will increase. (Table lb).

Homoqeneous anisotropy and behavior as a pseudocrystal can

be determined by comparison of the standard mean-square devia-

tions. If 6e = 613 and 6e = as the data is homogeneous iso-

tropic. Therefore, Ge < Gse and Ge< Gme occur in order for

homogeneous anisotropy to be exhibited. Homogeneous anisotropy

is demonstrated by:

61$ a £356 > a; e (15)

6s a 6se 7 6e (16)

where 61-?! Will approach Gs and 6 me Will approach Gse whenever

Equation (14) is very small or equal to zero; Ge is the best

measurement of data scatter which includes sample inhomogeneity

and errors in measurement.

Inhomogeneous anisotropy is demonstrated by the relationship:

65 > 6e>6me (l7)

and

GS>6e >Gse (18)

Inhomogeneity will be indicated if there is a variance of pre-

ferred crystal orientation, irregular compositional or structural

differences Within the sample and if errors in measurements exceed

the degree of anisotropy.

For the folloWing study Equations (l)-(18) were applied to

seventeen rock samples and the results are shown in Tables I-VI.
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Error Analysis:
 

Cutting and reduction spot variation.
 

The angles of the rocks were cut as accurately as possible,

but due to clamping and other equipment used in cutting, the

angles of each rock sample showed an accuracy of i2.00.

The samples were always cut with the Z axis perpendicular

to cleavage and the XY plane being the cleavage plane. By this

method both Wood (1974) and Westjohn (1978) suggest that the re-

duction spots major and intermediate axes are defined. However,

a 100 variation was observed between the cleavage plane and the

true major and intermediate axes of the reduction spots. This

variation is further supported by Westjohn (1978). Thus, the

true maximum and intermediate axes of the ellipsoidal reduction

spots of these samples are accurate to 112.00.

Apparatus.
 

Bennett (1968) estimated the time measurement accuracy, the

distance accuracy and the veolcity accuracy for the ultrasonic

equipment as 1'0.7%, 10.33% and 1.00%, respectively. However,

the sampling length in this study was shorter, so the time and

distance accuracy was recalculated and the resulting velocity

accuracy was also recalculated.

Due to attenuation in the Z (0.0, 0.0, 1.0) direction the

sampling distance was much smaller in this direction than other

propagation directions. The approximate sampling distance was

1.27 cm. By using the lathe setup, measurements were good to

1'0.0075 cm. Thus, the accuracy of the distance is good to i0.59%

for this study. The time accuracy was recalculated by taking 10

measurements of the same sample and finding the percent error.

It was found to be 0.69% or ==O.7%.
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By using:

= 1.30% (19)
 

AV AX 6t AV

' V

where A‘V is the percent velocity error, 4.x is the percent

V X

distance error and 1L2 is the percent time error. This smaller

sampling distance wiIl indeed cause greater error, although it

is possible to compensate, in part, for this by increasing the

sweep speed of the oscilloscope. A reasonable estimate for the

total error of the velocity measurements is 12.0%.

Using an example of how a velocity error of :2.0% will

affect the Qi values is given below:

_ 2 2 2
Qi/—V1+V2+V3

if V = 6.00 km/sec, V = 3.00 km/sec and V = 2.50 km/sec,
l 2 3

then

Qi = 51.520 mz/sec2

Now if V1 = 6.00 + (6.00 x 0.02) km/sec, V2 = 3.00 + (3.00 x

0.002) km/sec and V3 = 2.50 + (2.50 x 0.02) km/sec,

Qi = 53.865

Then the Qi values are good to:

53. - . , . _

853.86%1 250 x 100 $3 5.0% (max1mum pOSSIble error)
 



DISCUSSION AND RESULTS
 

Thin Sections:
 

A definite lineation of opaque pyrite crystals were noted

for all samples in the XY plane. The crystals formed small

ellipsoids Whose major axis corresponded, within the amount of

experimental error, to the major axis of the ellipsoidal reduc-

tion spots (Table VI).

Velocities and the Q Ellipsoids
 

Of the eighteen samples, seventeen showed excellent results.

One sample, #3, was severely fractured causing very poor mea—

surements in all directions. To define the elastic ellipsoid

it is necessary to measure the three phase velocities in a mini-

mum of six noncoplanar directions Bennett (1972).

All samples were measured in nine directions except sample

#7, which was measured in seven directions due to fracturing and

poor signal transmission.

The measured phase velocities showed a common relationship

for all samples. V1, V2 and V3 were the fastest, in propagation

direction 1 for most samples. For all samples the slowest

velocities were observed in propagation direction 3, which is

most probably related to air spaces in between the cleavage

surfaces. These two observations are quite obvious from the

velocity data (Table Ib). Thus, a relationship can be seen

between the "fast" propagation direction and the major axis of

the ellipsoidal reduction spots. The slowest velocity direction,

likewise corresponds to the minor axis of the reduction spots.

33
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The resulting Qi from propagation direction 1 is always the

largest of the nine propagation directions and the Qi for prOpa-

gation direction 3 is always the smallest (Table II).

From Table I and Table II an obvious trend is shown. Sta-

tistical calculations from Table II prove that the fit of the Qi

values and the theoretical QLS. values conform to the proper

statistical tests mentioned in the methods section of this paper.

As a second test the Qi and QLS. values correlation coefficients

were compared by using a linear regression program incorporated

in a Texas Instruments SR-56. The nine Qi values were entered

as the X coordinates and the respective QLS. were entered as the

Y data. The r values were as follows:

% probability it is a valid

correlation coefficient for

9 measurements (taken from

M. Lamont, L. Douglas, R.

 

Sample ‘3 Oliva, 1977)

#1 0.964596 99.9

#2 0.910346 99.9

#2' 0.976061 99.9

#4 0.952303 99.9

#4' 0.948849 99.9

#5 0.817783 99.0-99.9

#5' 0.774328 95.0-99.0

#6 0.996321 99.9

#6' 0.880862 99.0-99.9

#7 0.978584 99.9

#7' 0.940235 99.9

#8 0.881884 99.0-99.9

#8' 0.872623 99.0-99.9
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% probability it is a valid

correlation coefficient for

9 measurements (taken from

M. Lamont, L. Douglas, R.

 

Sample E Oliva, 1977)

#9 0.804959 99.0-99.9

#9' 0.784228 95.0-99.0

#10 0.856649 99.0-99.9

#10' 0.967885 99.9

By the statistical tests of Table II and the above correlation

coefficient calculations, one can assume their is a definite

relationship between Qi and QLS.’

The percent uniformity (from Table II) ranged from 3.9%

for sample #9 to 19.9% for sample #4', which indicates a uni-

form sampling.

Sample homogeneity and elastic behavior as a pseudocrystal

is exhibited by all samples due to the fact that:
 

6 - Z G-— > 6

m me e

>

65 "' Gse >Ge

is true for every sample.

Sample homogeneity and elastic behavior as a pseudocrystal

has been proven: Next the data was used to determine the princi-

ple axes magnitudes and directions.

The theoretical QLSi ellipsoidal axes direction (Table III)

are compared to the known axial alignments of the ellipsoidal

reduction spots in Table IV. The major and intermediate axes

are assumed to lie precisely in the XY plane (in reality i.12r.0

variation is possible, see error analysis). The QLS. axes

directions (Table IV) show excellent correspondence in relation
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to the reduction spot axes and when one considers a 112.00

variation for the reduction spots and a 15.0% maximum error

associated with the Qi values, it can be concluded that the

axes directions of the theoretical QLS. ellipsoid and the re-

duction spots are very closely related. The calculated means

and standard deviations of Table IV could be questioned, due

to the fact that these are linear functions, while the data is

in three dimensional coordinates. Fisher (1953) mathematically

devised a way to check data dispersed on a sphere by using

directional cosines.

To test the accuracy of a group of measurements, Fisher

(1953) has shown that the true mean direction of a population

of N directions lies within a circular cone about a resultant

vector R, with semi-anglecx}, at the probability level (l-P),

for k > 3 where:

cos-<(l_p) = 1 - -Nl;—R<%)1/N‘l - 1. (20)

All of the variables in Equation (20) can be calculated so one

can solve for °¢ .

The resultant vector length R is calculated by using the

known directional cosines,

2 2

R2 = (21:) + (2mi) + (Zni) (21)

Next, the direction of the resultant vector is found by using

the following equations:

1N

xR = R i=1 1i (22)

1%
YR =‘R i=1 mi (23)
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N

_ l

ZR" 1";R 1 n. (24)
1

Fisher (1953) gives an estimate of the precision parameter k as:

k = ——— (25)

if kris large clustering in one area of the sphere will occur.

McElhinny (1973) used equations (20)-(25) and an assumed pro-

bability level of p = 0.05 to derive:

,< = 140
(26)

95 (RN)

where °‘95 is the circle of 95% confidence around the resultant

vector. For a more detailed mathematical explanation, the

reader can consult Fisher (1953) and McElhinny (1973). The

results of using equations (20)-(26) on the axial orientations

of the QLS ellipsoids (Table IV) were as follows:

i

X axis

Resultant vector orientation directional cosines (0.9995,

0,0199, 0.0247)

- degrees (1.80, 88.90, 88.60)

°<95 = 4.8580 - 95% of the data is within 4.8580

of the resultant vector

k = 51.903

Y axis

Resultant vector orientation directional cosines (0.0451,

0.9930, 0.109)

- degrees (87.40, 6.80, 83.70)

°‘95 = 6.1550 - 95% of the data is within 6.1550

of the resultant vector

k = 32.328
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Z axis

Resultant vector orientation - directional cosine (0.0280,

0.1154, 0.992)

- degrees (88.40, 83.40, 6.80)

-‘95 = 3.6370 -95% of the data is within 3.6370

of the resultant vector

k = 92.592

These results show excellent correlation between the resultant

vector orientations and the "known" reduction spot axial

orientations. From the small °< values it can be concluded
95

that there is a very small amount of scatter for the seventeen

QLS. axial orientations.

1 One last method can be used to compare the relationship

between the axial orientations. An equal area stereonet plot

comparing the X axis of the Q ellipsoid orientation and
LS.

1

the field measured X axis orientation of the reduction spots

is shown in Figure 12. This method however has an added 1'2.0

error, due to the :2.00 accuracy of field measurements. The

Q and reduction spots deviate by a mean value of 8.50 which
LS.

is :gain well within experimental error. Sample #7 is the

worst fit of all the data. This may be due to the fact that

Sample #7 was measured in only seven propagation directions due

to fracturing. These fractures may have caused other propaga-

tion directions to be measured inaccurately.

Similar orientations of the axes has been shown by three

independent methods, so next the relationship between the axial

ratios will be examined. The magnitudes of the axes for the

QLS. ellipsoids are listed in Table III. The values were used

1

to tabulate the data in Table V using the equations:
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Figure 12. Equal area stereonet plot of the field orienta-

tion of the X axes of the reduction spots (iR)

and the respective plots of the X axes of the

QLS. ellipsoids (iQ), taken from Table IV.

1

The degrees of difference between the iR and iQ

were measured directly from the stereonet and

are listed below:

  

Sample Number Deviation of iQ from iR

10 6°

20 5°

2'0 12°

4Q 4°

4 'Q 6°

so 1°

5 'Q 8°

6Q 11°

6'Q o.5°

7Q 22°

7'0 4°

8Q °

8'Q 2°

90 15°

9'0 16°

100 11°

lO'Q 16°

Mean 8.3
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log (26)

I
<
l
>
<

’
ll 3
’

N
H
“

log = B (27)

where X is the magnitude of the major axis, Y is the magnitude

of the intermediate axis and Z is the magnitude of the minor

axis. This allowed comparison of the QLS. axes ratios to

Westjohn's (1978) axes ratio data. Figur: 13 shows Westjohn's

values plotted from all samples throughout the study area.

Figure 14 shows the QLS. axes ratios after using Equations

(20) and (21). Figure 15 is a combination of QLS. axes ratios

and Westjohn's reduction spot axial ratios. A definite simi-

larity between both sets of data can be observed. Westjohn

did extensive work in the Harvey syncline (site 8) and the

Negaunee outcrop (site 1). Sample #l's (from the Harvey syn-

cline) QLS. axial ratio shows a direct relationship with

Westjohn's reduction spots axial ratios. Sample #2 and 2'

(from the Negaunee outcrop) QL axial ratios show a poorer

Si

fit. Sample #2' fits fairly well into Westjohn's twenty-three

plotted points. Sample #2 however, does not fit as well into

Westjohn's Negaunee area data. Trying to correlate the QLSi

axial ratios and the reduction spots axial ratios on a one

to one basis is impossible due to scatter in both sets of data.

Thus a plot of the average values would be of more importance.

The mean values for the axial ratios of the reduction Spots

for the Harvey syncline and the Negaunee outcrop are both very

close to the QLS mean axial ratio (Figure 15).



Figure 13.
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Plot of 46 deformation ellipsoidal reduction

spots showing the variation of data from the

site 8 or the Harvey syncline (each 0 repre-

sents one ellipsoid from the Harvey syncline)

and the variation between site 1 or the

Negaunee outcrop (each 0 represents one ellip-

soid from the Negaunee outcrop), Taken from

Westjohn (1978). Means are plotted with large

symbols.
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Figure 14. Plot of 17 QLS. surfaces to show variation of

the data throughout the study area. Each O

represents one QLS. ellipsoid. Correlation

between Westjohn's sites and the numbered QLS.

1

ellipsoids is given below:

  

Westjohn's Sites Numbered Samples Taken

Site 1 (Negaunee) 2 and 2'

Site la (Negaunee) 8, 8', 9 and 9'

Site 4 10 and 10'

Site 5 7, 7'

Site 6 4, 4', 5, 5'

Site 7a 6 and 6'

Site 8 (Harvey) l
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Figure 15. Plot of the relationship between Westjohn's

reduction spot data (0 Negaunee area, 0

Harvey area) and the QLS ellipsoid data (O).

1

Means are plotted in large symbols.
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Conclusions:
 

Statistically the Q ellipsoid has been shown to be

very similar to the reduction spots, in both axes direction

and axial ratios. Thus, the Q ellipsoid method can be used,

as reduction spots can be used, to determine finite strain,

regionally, for this area.
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Table Ia

Propagation direction, directional cosines and sampling distance.



PrOpagation

Direction

\
O
m
x
l
O
‘
U
l
u
w
a
I
—
I

\
O
C
D
x
I
O
‘
U
‘
I
I
w
a
H

\
o
m
q
m
m
e
w
N
I
—
I

\
O
Q
Q
O
‘
U
‘
I
I
w
a
H

51

Directional

Cosines
 

(0.0, 0.0

(0.70711, 0.70911, 0.0)

(-0.70711, 0.70711, 0.0)

(0.97030, 0.0, 0.24192)

(0.97030, 040, -0.24l92)

(0.0, 0.97030, 0.24192)

(0.0, 0.97030, -0.24l92)

#2

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.89490, 0.0, 0.44620)

(0.89490, 0.0, -0.44620)

(0.0, 0.89490, 0.44620)

(0.0, 0.89490, -0.44620)

#2'

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.93969, 0.0, 0.34202)

(0.93969, 0.0, -0.34202)

(0.0, 0.93969, 0.34202)

(0.0, 0.93969, -0.34202)

#4

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.95630, 0.0, 0.29237)

(0.95630, 0.0, -0.29237)

(0.0, 0.95630, 0.29237)

(0.0, 0.95630, -0.29237)

Sampling

Distance

(Meters)

0.1029038

0.0978221

0.0203201

0.1158244

0.1117604

0.0980443

0.0988063

0.0939803

0.0932183

0.1018543

0.1092204

0.0609602

0.1181104

0.1186184

0.0985523

0.0977903

0.0999493

0.1037593

0.1140464

0.1102364

0.0165101

0.1203964

0.1150624

0.1087124

0.1099824

0.1085854

0.1092204

0.1069344

0.1028703

0.0200661

0.1193804

0.1168404

0.1036323

0.1033783

0.0980443

0.0990603



Propagation

Direction

52

Directional

Cosines
  

\
O
G
D
Q
O
‘
U
l
-
b
W
N
H

\
O
W
Q
O
‘
I
U
'
M
B
W
N
H

\
O
m
x
l
O
‘
I
U
'
l
-
Q
W
N
H

t
o
m
q
m
m
e
w
w
l
d

#4'

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.97815, 0.0, 0.20790)

(0.97815, 0.0, -0.20790)

(0.0, 0.97815, 0.20790)

(0.0, 0.97815, -0.20790)

#5

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.95882, 0.0, 0.28401)

(0.95882, 0.0, -0.28401)

(0.0, 0.95882, 0.28401)

(0.0, 0.95882, -0.28401)

#5'

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.92387, 0.0, 0.38268)

(0.92387, 0.0, -0.38268)

(0.0, 0.92387, 0.38268)

(0.0, 0.92387, -0.38268)

#6

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.87036, 0.0, 0.49242)

(0.87036, 0.0, -0.49242)

(0.0, 0.87036, 0.49242)

(0.0, 0.87036, -0.49242)

Sampling

Distance

(Meters)
 

0.0930913

0.1023623

0.0157481

0.1113794

0.1113794

0.0947423

0.0989003

0.1018543

0.0972823

0.0972823

0.0985523

0.0180341

0.1066804

0.1092204

0.0946153

0.0960123

0.0930913

0.0962663

0.0980443

0.0993143

0.0170181

0.1051563

0.1031243

0.0923293

0.0939803

0.0982983

0.0982983

0.1046483

0.1059183

0.0182881

0.1193804

0.1168404

0.1021083

0.1028703

0.1035053

0.1037593



Propagation

Direction
 

\
D
C
D
Q
O
‘
U
’
I
D
D
J
N
H

\
O
C
D
Q
Q
U
‘
I
r
fi
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D
J
N
H

\
D
G
)
\
I
O
‘
W
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U
)
N
l
—
'

\
D
C
D
Q
O
‘
U
I
u
b
U
J
N
H

53

Directional

Cosines
 

#6'

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.93041, 0.0, 0.36650)

(0.93041, 0.0, -0.36650)

(0.0, 0.93041, 0.36650)

(0.0, 0.93041, -0.36650)

#7

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.85717, 0.0, 0.51504)

(0.85717, 0.0, -0.51504)

(0.0, 0.85717, 0.51504)

(0.0, 0.85717, -0.51504)

#7'

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.84805, 0.0, 0.52992)

(0.84805, 0.0, -0.52992)

(0.0, 0.84805, 0.52992)

(0.0, 0.84805, -0.52992)

#8

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.89101, 0.0, 0.45399)

(0.89101, 0.0, -0.45399)

(0.0, 0.89101, 0.45399)

(0.0, 0.89101, -0.45399)

Sampling

Distance

(Meters)
 

0.1028703

0.0970283

0.0173991

0.1106174

0.0988063

0.0991873

0.0990603

0.0913133

0.0908053

0.0990603

0.0992491

0.0203201

0.1092204

0.1054921

0.1008383

0.1013463

0.0990603

0.0993143

0.1031243

0.0974093

0.0157481

0.1122684

0.1109984

0.0957583

0.0962663

0.0973492

0.0965232

0.1021083

0.0960123

0.0210821

0.1096014

0.1099824

0.990603

0.990603

0.0919483

0.0920753



Propagation

Direction
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D
w
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O
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U
l
u
b
U
O
N
H

\
O
m
fl
m
U
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w
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D
C
D
Q
G
U
I
D
L
U
N
H

54

Directional

Cosines
 

#8'

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.86603, 0.0, 0.50000)

(0.86603, 0.0, -0.50000)

(0.0, 0.86603, 0.50000)

(0.0, 0.86603, -0.50000)

#9

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.81915, 0.0, 0.57358)

(0.81915, 0.0, -0.57358)

(0.0, 081915, 0.57358)

(0.0, 0.81915, -0.57358)

#9'

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.85717, 0.0, 0.51504)

(0.85717, 0.0, -0.51504)

(0.0, 0.85717, 0.51504)

(0.0, 0.85717, -0.51504)

#10

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.91706, 0.0, 0.39875)

(0.91706, 0.0, -0.39875)

(0.0, 0.91706, 0.39875)

(0.0, 0.91706, -0.39875)

Sampling

Distance

(Meters)
 

0.1013463

0.0972823

0.0152401

0.1104904

0.1089664

0.0986793

0.0993143

0.0960123

0.0961393

0.1057913

0.0970283

0.0195581

0.1130304

0.1089664

0.1041403

0.1043943

0.0904243

0.0967743

0.1003303

0.0967743

0.0170181

0.1073154

0.1092204

0.1007113

0.1002033

0.0919483

0.0947423

0.1089664

0.1028703

0.0193041

0.1186184

0.1193804

0.1054103

0.1046483

0.0980443

0.0990603



Propagation

Direction
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Directional

Cosines
 

 

\
O
Q
Q
G
U
'
I
I
D
M
N
I
"

#10'

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.87882, 0.0, 0.47716)

(0.878882, 0.0, -0.47716)

(0.0, 0.87882, 0.47716)

(0.0, 0.87882, -0.47716)

Sampling

Distance

(Meters)
 

0.0906783

0.0929643

0.0157481

0.0968378

0.0988063

0.0906783

0.0901703

0.0908053

0.0906783
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Table Ib

Propagation directions, directional cosines and V1, V2 and V3

mean velocities.



Propagation

Direction

57

Directional

Cosines

  

K
O
C
D
Q
O
‘
U
'
I
D
U
J
N
H

\
D
m
Q
O
‘
U
I
h
W
N
l
-
J

0
0
0
0
0
1
0
1
0
m
e

\
D
m
Q
O
S
U
I
I
b
U
J
N
H

#1

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.97030, 0.0, 0.24192)

(0.097030, 0.0, -0.24l92)

(0.0, 0.97030, 0.24192)

(000' 0097030, -0024192)

#2

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.89490, 0.0, 0.44620)

(0.89490, 0.0, -0.44620)

(0.0, 0.89490, 0.44620)

(0.0, 0.89490, -0.44620)

#2'

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(“0.70711, 0.7011, 0.0)

(0.93969, 0.0, 0.34202)

(0.93969, 0.0, -0.34202)

(0.0, 0.93969, 0.34202)

(0.0, 0.93969, -0.34202)

#4

(1.0, 0.0,

(0.0, 1.0,

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.95630, 0.0, 0.29237

(0.95630, 0.0, -0.29237)

(0.0, 0.95630, 0.29237)

(0.0, 0.95630, -0.29237)

0.0)

0.0)

Velocities (km/sec)
 

V1
 

6.899

4.996

4.515

6.436

5.882

6.587

6.587

5.221

5.122

6.701

6.277

3.332

5.320

5.815

6.009

6.189

5.152

5.188

6.307

5.575

3.370

6.258

5.922

6.025

5.968

4.760

5.176

6.520

5.715

3.541

6.079

6.350

5.956

6.006

5.160

4.717

v2

 

3.499

2.385

1.992

2.597

2.517

3.083

2.559

2.349

3.329

3.223

3.309

2.622

3.374

3.057

3.159

3.134

3.163

3.183

3.050

2.966

1.437

2.864

2.831

2.465

2.747

2.582

2.552

3.073

3.025

1.705

3.061

2.465

2.528

2.901

2.935

2.984

V3

 

2.780

1.932

1.494

1.631

2.192

2.159

2.196

1.880

2.589

2.380

2.061

2.420

2.461

1.990

2.722

2.686

2.603

2.688

2.816

2.212

1.425

2.863

2.626

2.259.

2.382

2.433

2.212

2.700

2.246

1.674

2.676

1.866

2.115

2.034

2.113

2.006
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Direction

 

\
D
C
D
Q
O
N
U
'
I
-
h
U
J
N
I
-
J

\
D
m
fl
a
m
o
fi
-
W
N
H

\
D
m
fl
m
U
'
l
n
w
a
H

\
O
C
D
Q
O
‘
U
I
I
b
U
J
N
I
—
i

58

Directional

CoSines

 

#4'

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0

(-0.70711, 0.70711, 0.0)

(0.97815, 0.0, 0.20790)

(0.97815, 0.0, -0.20790)

(0.0, 0.97815, 0.20790)

(0.0, 0.97815, -0.20790)

#5

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.95882, 0.0, 0.28401)

(0.95882, 0.0, -0.28401)

(0.0, 0.95882, 0.28401)

(0.0, 0.95882, -0.28401)

#5'

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

{-0.70711, 0.70711, 0.0)

(0.92387, 0.0, 0.38268)

(0.92387, 0.0, -0.38268)

(0.0, 0.92387, 0.38268)

(0.0, 0.92387, -0.38268)

#6

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.87036, 0.0, 0.49242)

(0.87036, 0.0, -0.49242)

(0.0, 0.087036, 0.49242)

(0.0, 0.87036, -0.49242)

Velocities (km/sec)
 

V1

7.165

6.146

3.228

6.471

6.914

6.672

6.537

4.897

5.154

6.856

5.120

4.031

5.569

5.553

5.151

5.255

4.638

4.439

6.528

5.518

4.612

6.114

6.288

5.108

5.026

4.693

5.149

6.708

5.695

4.156

5.527

6.215

6.303

6.197

5.335

5.136

V2

 

3.003

3.002

1.549

3.027

3.060

2.979

2.886

2.927

3.047

3.196

2.857

1.932

3.055

3.092

2.902

2.321

2.633

2.839

3.242

2.623

2.086

3.039

3.033

2.971

2.990

2.933

3.027

3.133

2.878

1.345

3.450

3.192

2.503

2.611

2.828

2.556

V3

 

2.135

2.497

1.519

2.916

2.175

2.369

2.483

2.186

2.212

2.766

2.730

1.892

2.487

2.629

2.351

2.321

2.024

2.382

2.967

2.192

2.038

2.577

2.672

2.239

2.487

2.152

2.429

1.938

1.629

1.270

2.003

2.101

1.919

2.125

2.193

2.256
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Direction
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Directional

Cosines

  

L
o
m
Q
O
N
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h
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D
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w
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#6'

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.93041, 0.0, 0.36650

(0.93041, 0.0, -0.36650)

(0.0, 0.93041, 0.36650)

(0.0, 0.93041, -0.36650)

#7

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.85717, 0.0, 0.51504)

(0.85717, 0.0, -0.51504)

(0.0, 0.85717, 0.51504)

(0.0, 0.85717, -0.51504)

#7'

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.84805, 0.0, 0.52992)

(0.84805, 0.0, -0.52992)

(0.0, 0.84805, 0.52992)

(0.0, 0.84805, -0.52992)

#8

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.89101, 0.0, 0.45399)

(0.89101, 0.0, -0.45399)

(0.0, 0.89101, 0.45399)

(0.0, 0.89101, -0.45399)

Velocities (km/sec)
 

   

Vi V2 V3

6.429 3.164 2.091

5.880 3.109 1.702

4.579 1.540 1.487

6.012 3.225 1.941

6.199 2.943 1.659

5.166 2.867 2.740

5.054 3.076 2.580

4.659 2.801 1.776

4.935 3.089 1.949

6.126 2.975 2.197

3.492 1.917 1.814

5.985 2.395 2.304

5.042 2.083 1.867

4.826 3.147 2.572

4.233 2.514 2.117

3.706 2.719 2.078

6.366 3.105 2.515

5.477 1.917 1.517

3.099 1.549 1.520

5.197 3.153 2.389

5.477 2.891 1.894

5.094 2.616 2.176

5.477 2.395 1.981

5.170 2.518 1.999

5.170 2.518 1.999

7.091 3.283 2.745

5.121 3.085 2.574

3.482 1.770 1.741

6.563 3.321 2.609

6.625 3.293 2.391

5.214 2.966 2.144

5.106 2.948 2.476

4.839 2.736 1.973

4.651 2.970 2.423
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Directional

Cosines

 

#8'

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.86603, 0.0, 0.50000)

(0.86603, 0.0, -0.50000)

(0.0, 0.86603, 0.50000)

(0.0, 0.86603, -0.50000)

#9

(1.0, 0.0,

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

0.0)

(0.81915, 0.0, 0.57358)

(0.81915, 0.0, -0.57358)

(0.0, 0.81915, 0.57358)

(0.0, 0.81915, -0.57358)

#9'

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.85717, 0.0, 0.51504)

(0.85717, 0.0, -0.51504)

(0.0, 0.85717, 0.51504)

(0.0, 0.85717, -0.51504)

#10

(1.0, 000' 000)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.91706, 0.0, 0.39875)

(0.91706, 0.0, -0.39875

(0.0, 0.91706, 0.39875)

(0.0, 0.91706, -0.39875)

Velocities (km/sec)
 

V1
 

6.756

6.196

5.080

6.424

6.410

6.017

6.017

5.053

4.492

7.006

6.383

5.752

5.976

6.233

4.866

5.931

4.861

5.692

7.166

5.752

5.673

6.426

6.425

4.706

5.330

4.421

5.206

6.564

5.779

3.530

6.590

6.218

5.667

4.757

4.180

4.503

V2
 

3.197

3.189

1.438

3.269

3.263

2.274

2.586

2.017

2.641

3.296

3.234

1.686

3.078

3.287

2.590

2.451

1.966

2.968

3.216

3.349

1.605

3.272

3.290

3.033

3.191

2.179

3.267

3.061

2.991

1.697

3.089

3.109

2.252

2.844

2.200

2.814

V3
 

2.791

1.938

1.373

2.361

2.369

1.701

2.197

1.861

2.334

2.784

2.494

1.657

2.239

2.698

2.170

2.139

1.706

2.601

2.818

2.794

1.519

2.567

2.411

2.189

2.753

1.940

2.533

2.471

1.994

1.424

2.188

2.287

2.233

2.265

1.865

2.293
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Directional

Cosines

 

#10'

(1.0, 0.0, 0.0)

(0.0, 1.0, 0.0)

(0.0, 0.0, 1.0)

(0.70711, 0.70711, 0.0)

(-0.70711, 0.70711, 0.0)

(0.87882, 0.0, 0.47716)

(0.87882, 0.0, -0.47716)

(0.0, 0.87882, 0.47716)

(0.0, 0.87882, -0.47716)

Velocities (km/sec)
 

V1

 

6.457

5.738

3.262

6.093

6.025

5.038

4.901

4.681

5.334

V2

 

3.119

3.099

1.594

3.027

2.994

2.963

2.892

2.987

3.084

V3

 

2.830

2.626

1.495

2.645

2.341

2.699

2.390

2.377

2.591
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Table II

Qi ellipsoid values and Q values with associated Qm, Qs’

5,, and percent sample uniformity.at-

HV 6 6se’ es’ GIT-18'
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Sample #1

Propagation Direction Qi QLSi

1 67.568 60.984

2 34.381 38.155

3 26.585 26.571

4 50.827 52.114

5 45.738 47.026

6 57.555 60.368

7 54.759 57.522

8 36.311 33.623

9 44.020 41.332

6 — = _ = =at 12.051 0111 46.416 03 41.903

6 s = 12.868

6 - = 11.622

me

- 12 468 Qm-Qs 10 7%G‘se — . Qs .

6e = 3.183

Sample #2

1 60.956 58.395

2 54.598 48.158

3 23.833 24.999

4 45.743 52.589

5 47.120 53.965

6 53.497 50.821

7 55.340 52.665

8 43.323 43.070

9 44.272 44.019

6 a = 10.110 Qm = 47.631 QS = 43.8507

6 s = 10.794

6 E16 = 9.204

Qm-QS

G = 9.9502 x 100 = 8.6%
se Q3

6
e = 4.184
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Sample #2'

Propagation Direction

1

2

3

4

5

6

7

8

9

<3 - =m 12.034

6 s = 13.4472

- = 11.746
me

Gse = 13.1899

Ge = 2.618

Sample #4

l

2

3

4

5

6

7

8

9

G - = 11.309

m

6.3 = 12.7514

6 - = 10.770
me

6 se = 12.2755

6» = 3.451
e

57.180

44.771

15.452

55.562

49.980

47.480

48.837

35.254

38.197

Qm = 43.634

 

59.244

46.856

18.248

53.485

49.881

46.338

48.625

39.705

35.178

Qm = 44.173

Qm-Qs

Qs

 

Q
LSi

55.754

43.012

14.133

52.174

46.593

50.206

51.565

38.158

41.110

Qs = 37.6330

54.694

43.188

16.967

50.743

47.139

50.325

52.612

43.209

38.683

QS = 38.2830
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Sample #4'

Propagation Direction Q Q

1 LS.

1

1 64.913 63.747

2 53.020 46.648

3 15.127 14.287

4 59.540 54.019

5 61.898 56.377

6 59.002 62.497

7 57.227 60.721

8 37.326 43.542

9 40.741 46.956

6 i = 15.128 Qm = 49.866 QS = 41.5607

6 s = 17.2578

6 me = 14.354

Qm-Qs
6 se = 16.5837 05

G = 4.776

e

Sample #5

1 64.880 51.908

2 41.830 37.687

3 23.561 21.688

4 46.532 44.410

5 47.308 45.186

6 40.482 48.686

7 42.050 50.254

8 32.540 35.947

9 33.439 36.846

G 1.0 = 10.922 QIn = 41.401 Qs = 37.0943

6 = 11.7433
3

6 me = 8.932

Qm-Qs
G - = 9.9167 x 100 = 11.6%

se Q8

6 = 6.285
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Sample #5'
 

Propagation Direction

 

= 9.798

Q10.3882

O
C
I

6
)

s
o
a
r
q
c
h
0
h
b
t
o
h
a
p

- = 7.587

8.3348

n
0

n

6.200

Sample #6
 

- - 10.289
m.

= 10.8307
8

- =10.251
me

= 10.7947
e

a
s

C
)

0
fl

5
)

U
3
m
~
J
O
H
fi
£
b
w
0
0
h
‘

=0.882

8

61.928

42.133

29.775

53.257

55.878

39.932

40.386

35.258

41.575

0111 = 44.458

Qm-Qs

Qs

58.569

43.369

20.694

46.462

53.229

49.675

49.736

41.269

38.001

x 100 =

om =44.556

 

Q

52.962

43.695

26.364

47.019

49.639

48.839

49.293

37.997

44.315

03 =41.0070

58.112

43.931

21.481

47.639

54.406

49.200

49.260

40.122

36.854

05 = 41.1747
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Sample #6'

Propagation Direction

1

2

3

4

5

6

7

8

9

«6 - = 8.933

m.

= 9.7234

6's;

G.- = 7.7541

me

= 8.6032

G'se

c = 4.2318

e

Sample #7

1 (1,0,0)

2 (0.1.0)

3 (0,0,1)

4 0(1/ 2' 1/ 210)

(‘l/ 2: 1/ 2:0)

(0.857,0,0.515)

(0.857,0,-0.515)

(0,0.857,0.515)

(0,0.857,-0.515)

O
m
m
q
m
m

m

G = 11.056

8

me

6 = 10.836

se

6 =2.216

e

55.722

47.137

25.550

50.312

49.841

42.414

41.661

32.706

37.695

Q = 42.560
m

Qm-Qs

Qs

51.205

19.160

46.865

33.246

39.809

28.720

25.445

x 100

Qm =34.921

 

9.9%

Q

50.682

42.509

22.970

46.832

46.360

47.336

45.582

37.390

42.378

Q =38.7203

47.117

17.683

46.865

36.028

42.591

28.720

25.445

Qs = 32.400
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Sample #7'

Propagation Direction

1

2

3

4

5

6

7

8

9

G .. = 10.270

m

6 fl =‘- 10.665

G.- = 9.656

me

6 = 10.075

se

6 = 3.497

e

Sample #8

1

2

3

4

5

6

7

8

9

<3 _ Am 14.849

6 s = 15.7413

6 - =me 13.095

5 se = 14.0986

6 =-- 7.001
e

Qi

56.498

35.974

14.314

42.658

41.943

37.527

39.658

37.065

37.065

Qm = 38.078

Qm-Qs

Qs

 

68.595

42.367

18.288

60.909

60.451

40.580

40.892

34.794

36.324

Q .= 44.800
m

 

x 100 =

Q
LSi

50.626

39.458

15.523

45.399

44.685

39.703

41.834

32.737

32.737

Qs =

60.526

45.287

12.916

53.136

52.678

50.557

50.870

37.851

39.380

35.202

Q =39.5763
S

13.2%
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Sample #8'

Propagation Direction

1

2

3

4

5

6

7

8

9

G - = 11.680

1::

-=-.- 12.13 5es . l

c,- = 10.192

me

= 10.7070

Gse

= 5.704

Ge

Sample #9

1

2

3

4

5

6

7

8

9

G a - 11.201

6 s = 11.3392

6 .— =me 9.018

Gse = 9.1922

6 =6.644
e

63.654

52.316

29.760

57.528

57.347

44.269

47.718

33.064

32.600

Qm = 46.473

Qmugs

Qs

 

67.698

57.425

38.674

50.120

56.934

35.095

45.759

30.405

47.973

x 100 =

Qm =47.796

 

7.6%

Q
LSi

60.344

45.718

23.519

53.122

52.941

49.413

52.863

40.401

39.937

56.972

50.691

30.375

50.465

57.199

42.890

53.554

35.223

52.791

05 = 46.0127

Q =43.1937
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Sample #9'

Propagation Direction

1

2

3

4

5

6

7

8

9

G - = 12.341
m _

G s = 12.6178

me

6 se = 10.0287

= 7.658

G e

Sample #10

l

2

3

4

5

6

7

8

9

G - A
m 13.529

6 s = 14.5357

G the = 11.590

6 se = 12.7503

6 =6.979

(
D

69.635

59.108

37.066

58.589

57.918

36.137

46.170

28.057

44.192

m

 

58.562

46.313

17.411

57.757

53.560

42.173

35.848

25.791

33.453

Qm =41.207

 

Q = 47.764

0
LSi

59.520

47.538

28.353

53.865

53.194

46.236

56.269

34.382

50.517

Q 3 45.1370
8

53.387

41.774

12.520

49.680

45.482

50.052

43.727

33.291

40.954

05 = 35.8937

14.8%



Propagation Direction

 

0
a

(
x

6
)

O
'
w
C
D
~
H
a
n
h
w
d
h
)
H

ii = 12.060

3 5.12.9140

is = 11.673

8 = 12.5528

3.032
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Sample #10'

59.430

49.424

15.416

53.283

50.745

41.445

38.096

36.484

44.676

111

Qm-Qs

Qs

 

Q = 43.222

x 100 = 11.9%

Q

53.316

49.324

13.176

52.590

50.051

45.852

42.502

36.998

45.190

‘ Q _= 38.6053
5
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Table III

Directional cosines of the principle axes of the OL ellipsoid;
S.
1

with the associated cosine between major (Mo) and minoe (Mo)

axes to show axes fit using Nye's approximation technique.
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Magnitude (m2[sec2) Directional Cosines

Sample #1

61.396 (0.994,0.0930,0.061)

21.942 (-00097'00461'00882)

42.371 (0.054,-0.883,0.467)

0.000034 = cosine between Mo and mo axes

 

Sample #2

58.478 (0.998’*00063'-00033)

24.943 (0.035,0.026,0.999)

48.131 (-00060p-00998'00029)

-0.000007 = cosine between MO and mo axes

 

Sample #2'

56.392 (0.977,0.212,-0.036)

13.935 (0.020,0.077,0.997)

42.572 (0.215,-0.974,0.071)

-0.000000 = cosine between Mo and mo axes

 

 

 

Sample #4

55.023 (00989'0014GI-00037)

16.220 (0.059,-0.152,0.987)

43.606 (0.138,-0.978,-0.159)

-0.000000 = cosine between Mo and mo axes

Sample #4'

63.952 (0.996,-0.078,0.050)

13.670 (-00040’00125'00991)

47.059 (-0.084,-0.989,0.121)

0.00000 = cosine between Mo and mo axes

'Sample #5

51.984 (0.999’-00227'-00469)

21.576 (0.048,0.052,0.997)

37.723 (-00020'—00998'00053)

-0.00007 = cosine between MO and mO axes

H
-

0
0
3
0
3

H
5
3

H
0
8
0
2

O
H
O
B
O
E
:

0
H
0

O
O
O

H
3
3

0
0
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Magnitude (mg/secz) Directional Cosines

Sample #5'

53.147 (0.990,-0.l38,0.011)

25.267 (0.022,0.236,0.971)

44.607 (-0.136,-0.962,0.237)

0.000003 = cosine between Mo and mo axes

 

Sample #6

58.884 (0.976,-0.218,-0.012)

21.319 (-0.007,-0.085,0.996)

43.322 (-00219'_00972'00084)

-0.000000 = cosine between Mo and mo axes

 

Sample #6'

50.696 (0.999,0.027,0.016)

22.296 (-0.021,0.178,0.984)

43.169 "(0.024,-0.984,0.178)

0.000003 = cosine between Mo and mo axes

 

Sample #7

50.618 (0.927,0.366,-0.084)

16.550 (0.176p-00229'00957)

28.108 (0.331,-0.902,-0.277)

0.000012 = cosine between MO and mO axes

 

Sample #7'

50.677 (0.999'0003gy-00034)

15.482 (0.337’-000005'00999)

39.447 (00038p-00999'-00002)

0.000000 = cosine between Mo and mo axes

 

Sample #8

60.530 (0.999,0.018,-0.004)

12.887 (0.004,0.029,0.999)

45.311 (0.018p-00999'00029)

0.000000 = cosine between Mo and mo axes

Symbol

H

O
0
3
0
3

#
4
3
:
:

H
H

H

0
0

0
0

0
0
3
0
;
;

0
0
0

H
3

O
0
3
0
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Magnitude (mz/secz) Directional Cosines

Sample #8'

60.451 (0.998100009'-00054)

23.408 (0.054'-00013'00998)

-0.000004 = cosine between Mo and mo axes

 

Sample #9

58.573 (0.956,-0.274,-0.103)

25.385 , (0.202,0.363,0.910)

54.080 (-0.212,-0.891,0.402)

-0.000029 = cosine between Mo and mo axes

 

Sample #9'

60.859 (0.958,0.182,-0.219)

23.948 (0.144,0.355,0.924)

50.604 (0.246'-00917'00314)

-0.000023 = cosine between Mo and mo axes

 

Sample #10

54.045 (0.987,0.137,0.085)

11.105 (-0.109,0.175,0.979)

42.532 (0.119,-0.975,0.187)

0.000000 a cosine between Mo and mO axes

 

Sample #10'

53.693 (0.959,0.282,0.013)

12.415 (-0.052,0.133,0.990)

49.708 (0.277,-0.950,0.142)

H
0
5

H
3
3

0
0
0

H

0
0

H
3

O
0
3
0
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Table IV

Degree of deviation between the known axes of the reduction

spots and the computer generated axes of the QLS , which was

calculated from the measured velocity data..
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Table V

WOOd'S (1974) technique of plotting log % and log é-was used

for the QLsi

Z is the magnitude'of the minor axis and Y is the magnitude of

data, where X is the magnitude of the major axis,

the intermediate axis. The ratios were then used to compare

to Westjohn's plots, Figures 12, 13 and 14.



#1

#2

#2'

#4

#4'

#6

#6'

#7

#7'

#8

#8'

#9

#9'

#10

#10'

#5

#5'

Mean = 0.119

S. Dev. = .061

Variance = .004

79

K
I
N

log

 

.161

.085

.122

.232

.133

.133

.070

.256

.109

.126

.121

.035

.080

.104

.034

.139

.076

H

.
0

a

N
u
n

 

-.286

-.286

-.485

-.429

-.536

-.308

-2.87

-.230

-.406

-.546

-.291

-.329

-.325

-.583

-.602

-.243

-0247

Mean = 0.376

S. Dev. = 0.132

Variance = 0.017
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Table VI

Thin sections were done for all samples. Ellipsoidal pyrite

grains were observed at 100-200X. The average orientation

direction of the major axis of 50 pyrite grains is compared

to the major axis of the ellipsoidal reduction spot.
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Sample # Deviation (clockwise rotation

of the microscope stage are

positive)

1 - 0.50

2 +1o.o°

3 + 0.59

4 - o.5°

5 + 0.50

6 + 9.50

7 + o.5°

8 - 3.5°

9 o.o°

lo - 600



APPENDIX B

Computer Program used to Tabulate Tables I-IV,

written by Tilmann and Bennett (1973).

82
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