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; therma l cycling,
acoust ic emission , irreversibl e veloc i ty changes , Q changes ,
thermal expansion anisotropy , polymorphic transformation ,
quartz , quartzite , microstructure .

IC1 t o... so do ll ,y •,,d ld.oI,Iy by

Changes of longitudinal -wave velocity (Vi, ), porosity , and
Q, together with optical and scanning electron microscopic obser-
vations , demonstrate unequivocally that appreciable therma l crack-
ing occurs during slow therma l cycling of Sioux Quartzite. Ther-~mally-induced cracks develop primarily along grain boundaries and
secondarily as intragranular cracks. Intragranular cracks are
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preferentially oriented ano op~iear to be inhuenced by the pre-
heating residual strain state locked-in th~ rock.Acoustic emission reveals that therma l cracking occurs only
upon exceeding a threshol d .t~nperature , which for the SiouxQuartzite ranges between 200 C and 25O~C. Thermal cracking in-
creases progressively with increasing temperature , with the larg-
est fraction of cracking occurring prior to the ~~~~~~~ transition
of quartz (57~

6C). In the temperature interval 2O0-573~C, VL de-creases 40% and porosity increases 1 30%; new porosity is associ-
ated with low aspect—ratio cracks. Fracture intensifies during
the ~-B transition as reflected by an abrupt decrease in VL, a
ra~,j~d porosity increase and intense acoustic emission . Above
573Dt, thermal cracking continues but at a reduced rate. Poro-
sity continues to increase but is associated primarily with high
aspect-ratio cracks. Cooling induces little additional structur-
al damage.~ - -

Subtl4\q,icrostructure differences measurably affect the
threshold temperature of thermal cracking and the degree of ther-
mal cracking occurring during a thermal cycle. Grain -size dif-
ferences appea r ‘to be responsible.

Acoustic emi~~ion has proven to be a valuable source of in-
formation . Most st\gnificant ly, acoustic emission activity is ob~served to be very similar amongst Sioux Quartzite samples sub-
jected to the same thermal conditions. In general , upon exceed-
ing the threshold temperature , emission increases progressively,
attains a maximum (between 280°C and 400°C) and then decre~ses,comonly abruptly; a second larger maximum occurs between 570°C
and 590°C, coIncident with the ~~~~~~ transition .

Thermal cracking of Sioux Quartzite is directly attributab l~to the marked thermal-expansion anisotropy of quartz , but also
important is the temperature dependence of its elastic moduli ,
especiall y at and above the a-8 transition. A first order calcu-
lation indicates that intergranu lar therma l stresses increase
wi th increasing temperature , with an abrupt , large increase at
the cz-~~.

Q has not proven to be a sensitive indicator of microstruc-
ture changes , especially for room-dry samples in which the effect
of small amounts of water overshadows that due to small mi cro-
structure changes. Q of a fully-saturated sample does, however,
display a systematic decrease with increasing therma l cycle tern-
perature and appears to be in accord with Biot’s mechanism of at—
tensiation in a fluid-satura ted , porous elastic solid. Change of
Q of room-dry , thermally-cycled samples is less systematic , but
notably, Q increases for samples heated above 550°C. V~ is asens iti ve In di cator of microstructure changes , especially of new
low aspect-ratio cracks; however, it is sensitive also to the
d~gree of saturation of the Sample. -
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I NIRODUC TI ON

Therma l cracking of rock results from the combined effects of teni-

perature changes and temperature gradients . Temperature gradients give

rise to therma l stresses because differing thermal expa n ons or contrac-

tions of the various parts of the rock body generally cannot proceed

freely without creating imcompati ble strains within the rock. In a simi-

lar manner , a temperature change results in therma l stresses but as a con-

sequence of the rock’ s inhomogeneity at the grain -size scale. In this

case , highly inhomogeneous and discuti tinuous , intergranular stresses

arise due to constraint of differing therma l expansions or contractions

of neighborin g mineral grains. The tendency for differing expansions

and contractions results primarily from differences in the thermal ex-

pansi on coefficients of adjacent mineral grains or anisotropy of the co-

efficients , but vo l ume changes related to polymorphic transformations

(e.g., -~-quartz to 3-quartz) or miner al alterations (e.g., dehydration

and dissociation ) also can make important contributions.

A number of experimental studies entdi ling the uniform heating of

rock (Ide , 1937 ; Soinerton and others , 1964; Barbish and Gardner , 1969;

Perami , 1971 ; Wang and others , 1971; Todd and others , 1972; Richter and

Simmons , 1974; Sinmions and Cooper , in press) have demonstrated convinc-

ingly that intergran ular thermal stresses can locally exceed the fracture

strength of rock. These same studi~t~c further show that the resulting

microcracks , which are usually of grain-size dimensions or smaller , - -

A i rreversibly alter the physi cal properties of the rock; most notably, ‘ E n  0
0

elastic moduli and fracture strength decrease and porosity and permeability
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increase. In addition , fracture toughness and therma l expansion and dif-

fusivity coefficients appear to change . Consequently, when attelllpts are

made to analyze the development of thermal cracking during non-uniform

heating or cooling of rock , it is imperative that the effects of tempera-

ture-gradient therma l stresses and intergranular thermal stresses be in-

corporated. As implied by Hasselman (1969) the effects of the intergran-

ular stresses and the resulting microcracks need not be small and may , in

a number of ways , significantly affect the propagation of macrocracks in-

duced by the temperature-gra i dent thermal stresses. Nevertheless , it is

not surprising that such an incorporation is not often attempted . The

analysis becomes more complicated , but probably more importantly our

quantitative understanding of thermal crack generation during a uniform

temperature change is still in its developmental stage .

It is our opinion that the first phase of a systematic study of the

thermal cracking of rock should address the problem of microcrack forma-

tion in a uniform temperature field. Therefore, our investigation has

concentrated on studying experimentally and observationally the develop-

ment of microcracks in rock subjected to slow , uniform temperature changes

and evaluating how the thermally-induced microcracks affect the physical

properties of the rock. It should be emphasized that these first studies

are essential If we are to distinguish the relative roles of absolute

temperature and temperature gradients upon the thermal cracking of rock

under conditions of non-unifo rm heating or cooling.

In our exper iments, a cyl i ndrical specimen of Sioux Ouartzlte is

slowly heated (‘ 2°C/mm ) unconfiried to a specified temperature between

20-900°C and then slowly cooled (< 2°C/mm ) to room temperature. During
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the thermal cycle , acoustic emissions are monitored continuously as a

means of providing a record of microcra cking activit y as a function of

temperature . In order to obtain quantitative measures of microstructural

changes induced in the rock , the longitudinal -wave velocity (V1) and the

quality factor , Q (the inverse of wave attenuation), are measured prior

to and after a thermal cycle. The longit udinal-wave velocity has been

shown to be an especially sensitive indicator of micr ocracks (provided

the rock is dry), and thus provides a means of detecting subtle micro -

structure changes (Thill and others , 1969; Nur and Simmons , 1969; Tourenq

and ot hers , 1971). Q has proved useful as an indica tor of microstructure

changes in other studies (Gordon and Davis , 1968; Kuszyk and Bradt , 1973;

Coppola and Bradt , 1973), but our studies and others (Barbish and Gardner ,

1969; Warren , 1973) ind icate that Q is more sensitive to small changes in

the water content of the sample than to small micros tructure changes.

Nevertheless Q does provide a measure of microstructure changes , but its

sensitivity to changes is less than originall y anticipated . Changes in

V L and Q provide indirec t , but quantitative measures of microcrack develop -

ment as a function of the maximum thermal -cycle temperature , which can

then be compared to petrofabric observations and measurements made on thin

and polished sections studied by optical and scanning electron microscopy .

Ultimately the specimens will be tested to determine how compressive and

tensile strengths , permeability and fracture energy vary with changes in

the microstructure of the rock.

Severa l other aspects of therma l cracking are explored in a prelimi-

nary fashion . For comparison wi th unconfined thermal cycling, several

specimens have been subjected to 50 MPa confining pressure and thermally

_ _ _ _ _  _  I
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cycled to 400°C. In addition , a series of thermal-shock experiments are

performed for the purpose of comparing microcrack development under tran-

sient therma l conditions with that occurring during slow heating and cool-

i ng.

Our experimental program is similar to previous studies , yet differs

both in manner of execution and philosophy in severa l signif icant ways.

Although we too are studying how a unifo rm temperature change affects the

physical properties of rock , our i mmediate purpose is to better understand

how thermally -induced microcracks develop and determi ne what parameters

affect their development. Ultimately we hope our experimental studies

will let us develop a theoretical model of the fracture process. From

this viewpoint , we make use of changes of certain physical properties

as an aid to infer the changes in the microstructure of the rock. The

monitoring of acoustic emissions has only been used in one previous study

and in that instance 300°C was the maximum temperature attained (see

Richter and Simmons , 1974). The acoustic emission data provides a dif-

ferent and more direct indication of microcrack development and promises

to play a key role in improving our understanding of therma l cracking.

Materials and Procedures

Description of Rock

The Sioux Quartzite is one of the eight rock types in the U.S.

Bureau of Mines standard rock suite for rapid excavation . Specimens

utilized in this study are taken from the same block of Sioux Quartzite

used by Friedma n and Bur (1974) in their investigat Ion of the relations

among residua l strain , fabric , fracture , and ultrasonic attenuation and

veloc i ty (see reprint Appendix A). Physical properties of Sioux Quartzite

.4
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as published by Krech and others (1974) and summarized in Table 1 , are

representative of those of our study blo ck. The X , Y , Z coordinate sys-

tem utilized in the previous study has been maintained in the present

study , and all samples (19 m in diameter by 40-70 mm long) are cored

pa rallel to Y , i. e., the core axes are parallel to bedding, the X V plane.

The Sioux Quartzite (known commer cially as Jasper quartzite ) is a

low porosity (C.2 - 0.4~), fine-grained (ca. 0.5 mm ) sedimentdry rock

composed predominantly (> 99%) of tightly -packed , subrounded to rounded

quartz sand grains cemented by quartz overgrowths. Petrofabric studies

(Friedman and Bur , 1974) indicate that: (1) the long axes of elongate

grains (lona/short -
~ 2.0) are essentially parallel to the long grain

boundar ies and are oriented statistically parallel to the bedding (XV)

an d YZ p lanes , (2) the c-axes of individual grains are randomly oriented ,

(3 )  intragranular , healed microfrac tures are essen tia l l y randoml y or i ente d ,

and (4) quartz deformation lame llae are preferentially oriented so that

they tend to lie at angles less than 30° to the bedding plane . Details

of grain-boundary cracks are discussed in a subsequent section. X-ray

diffrac tion measurements indicate the samples contain a residual -st rain

state which is characterized by the greatest elongation (100 x l0~~) ori-

ented subpara llel to X , the intermediate principal axis (5 x l0
_ 6
) sub-

parallel to Y , and the least elongation (—85 x 10-6, a compressive strain),

subparallel to Z.

The Sioux Quartzite is mechanically homogeneous but displays a mee-

surable degree of anisotropy . Measurements of the bar velocity of samples

cored (all parallel to V-axis) from various parts of the block average

4.84 km/sec with a standard deviation of 2.7%, and a significant fraction

-_______________________
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Table 1. Physical Properties of Sioux Quartzite

Pro perty Krech and others (l97~)
l 

Cu rrent study 2
mea n cv

Porosity % 0.14 37.9 0.20 - 0.36

Permeability j-i m/sec <1 x l0~~ --

Den;ity lO 3kg/m 3 2.64 0.1 2.634 -s- 0.008

Shore hardness 101 2.4

Compressive strength MPa 505 8.7

Compressive Young ’ s modulus . . GPa 56.4 8.2

Tensile strength MPa 10.8 18.1

Tensile Young ’s modulus . . . . GPa 27.9 23.7

Bar velocity km/sec 4.63 3.5 4.84 + 0.13

Torsional velocity km/sec 3.43 2.1

Dynami c Young ’s modulus 4. . . . GPa 56.8 6.0 69.9 - 55.0

Dynamic shear niodulus4 GPa 31.1 4.3

Poisson ’s ratio4 0.138 23.3

1. specimen axis parallel to Z-axis

2. specimen axis parallel to V-axis

3. coefficient of variation , percent

4. calculation is based on the assumption of isotropy
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of the deviation appears to result from very small differences in the

wa ter content of the samples. Measurements of compressional-wave velo-

cities in various directions in a neighboring block (Krech and others .

1974) reveal that the rock has an orthorhomb ic elastic symmetry w i t h

the minimum velocity (4.9 - 5.0 km/sec) parallel to Z, the intermediate

velocity ( 5.35 km/sec) 20 — 300 cloc kwise from Y in the XY plane and

the axis of maximum velocity (> 5.4 kni/sec) 20 - 30~ cloc kwise from X.

This l0~ veloc i ty an i so tro py is interpreted to be related to the prefer-

red orientation of elongate grains and grain-bounda ry cracks.

Veloc i ty and /\ttenuati on Measurements

The velocity (VL ) and attenuat ion (Q
~
’) of lon gi tu d i na l  waves i n

cylindrical specimens are determined using a forced resonance technique.

The measurement system , shown schematicall y in Figure 1 , is similar to

resonance systems used elsewhere (cf. Spinner and Tefft , 1961 ; Davis ,

1 968). In contrast to most other systems , t he dr iver  an d p ickup consist

of electrically -shielded , cork- backed , PZT pi ezoe lec tr i c trans ducers

tha t are pressed lightly against the ends of the specimen ; a thin filn ~

of grease between the transducer and sample is used to maximize mechani-

cal cou pling. By varying the frequency of a sinusoidal voltage applied

tc one t rans ducer , the specimen is forced into a longitudinal mode of

resonance . By swepting from low to high frequencies and plotting output

vs frequency, as shown in Fiqure 2. the first and subsequent harmonics

~ f longitudinal resonance can be identified , and the lon gitudinal-wave

velocity calculated from the expression:

VL 
= 2n l f , ( 1)
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FREQUENCY~~. /
COUNTER

TRANSDUCERS

~~ 

SAMPLE 

~~

Figure 1. Block diagram of velocity measuring system .

€, 00

500

5 400

FREQUENCY (KHZ)

Figure 2. Output versus frequency for forced l ongitudinal excitation of
circular cylinder of Sioux Quartzite .

_______________________ _______________ a
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where I len qth of the iec ime n ,

n = 1 , 2, 3, . order of vibration , and

= resonance frequency of the nth mode of vibration.

In specimens of finite dimensions V L is frequency dependent and is re-

lated to the bar velocity , V0, (V~ 
= ~/~7~) by,

V
L 

= KV , (2)

where K is a correction term dependent upon the specimen diameter-to-

length ratio (d/1), frequency , an d Po i sson ’s ratio , v (B ancro ft , 1941).

In the present study where d/1 = 0.1 - 0.25 and v = 0.15 , the correc ti on

term K ranges from 0.998 to 0.999 for velocities calculated from the

first resonance pea k , thus the longitudinal-wave velocity can be inter-

chan ged directly for the bar velocity wi th little error (~ 0.l~~).

Resonance me thods perm i t p rec i se veloci ty determinat i ons an d thus

shoul d a l l o w , in principle , detec ti on of smal l  ve l oc ity chan ges resul ti n g

from su btle changes in the microstructure of a rock. Repeated measure-

men t o~ ~n aluminum rod indi cated that our measurement system displays

lon g-t~-r~ stability and has an attainable precision of better than 0.1~ .

l~epeated velocity measurements on samples of Sioux Quartzite also indi-

cate a precision of 0.1% , prov ided the elapsed time between measurements

is Short (~ 1 day). For longer time intervals , sam p les ma i n ta ined  a t

ambient l- ~no ra tor y condi ti ons commonly d i s p l a y veloci ty  var i a ti ons greater

than 0.1%, wi th day-to—day variat ions as large as ~~~ (Fi gure 3). For

ti m e spans on the order of tens of days the veloc i ty variations ~an be

on the order of 1 - 3~ or greater (Figure 3).

Wa t r r appears to play a dominant role in these velocity variation s ,

-- _~____ _ ___  --———. r — - - -- — -— S
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Figure 3. Longitudinal-wave velocity and Q determinations made over an
extended time period on samples of Sioux Quartzite and alum inum maintained
at ambient laboratory conditions.
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but  our studie s i n di ca te t ha t the exact manner in wh ic h water affects

tne veloc i ty in l ow porosity rocks (< 1 - 2°) is more complicated than

indicated by the results of other workers (e.g., Nur and Simmons , 1969 ;

Th ill et al., 1973). In general terms , the l ower the degree of satura-

tion , the l ower the velocity ; especiall y notewo rthy is that a small

chan ge in the water content of a nearly dry rock can result in a signi-

ficant change in the velocity (up to several percent). In principle , to

mi nimize the velocity variations , the water content should be maintained

constant from measurement to measurement; yet in practice unless the

most stringent steps are taken , the desired constancy of water content is

difficult to achieve .

The bulk of the specimens reported on in this report where maintained

at ambier t labora tory conditions , conse quentl y the actual  prec i s i on of

most velocity measurements is only about l-2~ as a resul t of hum id i ty

changes in the labora tory . More recently, however , we have change d to a

procedure which more closely controls the wa ter content , and the prec i-

sion of veloc i ty measurements over extended time intervals appears to be

about 0.25 to 0.5 .

Q i s measure d in  terms of the shar pness of resonance . I f f 1 and f2

are the frequencies on either side of resonance at which the ampl tude

of vibration of the sample falls to l/~[Ttirnes the amplitude oi the

resonant frequency , 
~r ’ 

the quality factor , Q, is given by the relation

f
Q . (3)

1 2

It is estimated that transducer and support losses affect Q determina-

tion~ h i less than 10% and that the precision of measurements is 5 .

______________ a
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4
In a greement w i t h  previous studies (Barbish and Gardner , 1969; Kissell ,

1972; Tittmann and others , 1973; Warren and others , 1974), our niea;ure-

mei ts (frequencies 15-45 kHz ) indicate that Q displays a marked sensiti-

vity to the presence of water , wi th Q vary ing i nversely w i th the degree

of satura tion . Typically, Q of a fully dry rock is greater by a factor

of 10 to 30 than Q of a fully saturated rock. Q of a “fully dry ” rock

is ;i gn ificant ly affected by small changes in water content as illu-

strated in Figure 4, which shows the variation of Q wi th time after ther-

mal cycling a sample to 455°C. The systematic decrease in Q during the

200
A - Q

SQ -9
Tmax:455°C O

~~
VL

_ _ _ _  

_ _ _ _ _ _ _ _ _ _ _ _ _ _  t o o:: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0 tO 20 30 40 50 60 70 80
TIME (DAYS)

Figure 4. Variat ion of long itudina l -wave veloc i ty (V L) and qual ity fac-
tor (Q) during equilibration of an initially “fu lly dry ” rock with labora-
tory humidity conditions. Solid triangle represents Q pr ~~~ir ‘ 0 heating.

first 20 days (sample maintained at ambient Iabordtory conditions ) is

interpreted to result from progressive uptake of sma ll amounts of water

from the atmosphere as the sample equilibrates froir Ifs in i ti al “fully

dry ” state to labora tory humidity conditons. Consequently, if Q and

changes in Q (t~Q) are to be used as indices of rock inicrostructure and

4d
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m icrostructure changes, the water content of the sample must be known and

comparisons of Q made at the same water content. In this regard , e i the r

~ full y satura ted or fully dry State are the two preferred conditions;

the latter , however , is less easily achieved.

Measurements on Sioux Quartzite further indicate the Q and V0 are

inter -related , but the functional relationship varies with the degree

of s a t u r a t i on . A t high and very low degrees of saturation , Q varies

inversel y with V0; Figure 4 shows the relationship for the case of a

low degree of saturation. In contrast , other of our experiments reveal

a t i nterme di a te degrees of sa tura tion , Q varies directly with V0.

Aco ustic Emission Measurements

Acoust ic emission is a transient elas tic wave genera ted by rapid

release of energy within a material. In rock , crac k p ropa gat i on has

been shown to be a significant source of acoustic emis sion (cf. Hardy ,

1972). Thus , moni toring acoustic emission during a thermal cycle pro-

v ides a measure of fracture activity .

A schematic block diagram of the acoustic-emiss ion monitoring system

is shown in Figure 5. The acoustic-em ission sensor is an electrically-

shielde d , PZT transducer. The signal from the sensor is preamplified

an d fi tered before passing to the detector and counting circuitry (de-

signed by Dr. A. F. Gangi , Texas A&M Univers ity). In contrast to other

systems , the acoustic -emission signal is electronically -processed so

that each acoustic -emission event that exceeds a pre-set threshold level 

- -
~~

- -- -
~~~~~~~~~~~~~~~~~~

--_ .4
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Figure 5. Schematic block diagram of the acoustic emission monitoring
system.
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is counted only once. The resultant DC voltage output of the counter is

directly proportional to the cumulative number of acoustic-emission counts

and is plotted on a strip chart along with the temperature of the speci-

men. The counter automatically resets to zero every 4096 counts. An

overall system gain of 86 db and bandpass of 5-300 kHz is ut ilized . The

sensor can detect a surface displacement as small as 2 x l0~~ mm .

The PZT transducer is not bonded directly to the specimen because

temperatures attained upon heating are greater than its curie-point. In-

stead , the sensor is coupled to a fused-quartz rod that in turn is bonded

to the sample with a strong, h igh-temperature resistant cement (Sauerei-

sen cement no . 1). The fused-quartz is used as a wave guide because of

its h igh me l t ing point , high Q and low therma l conductiv ity . Unfortunately,

its low therma l expansion coefficient gives rise to problems during the

coolin g phase of a thermal cycle.

Acoust ic emission during the heating phase comes only from the sam-

ple , but during the cooling phase the acoustic emission record is domi-

na ted by emissions generated at the fused quartz-cement bond. By replac-

in g the rock specimens wi th a material that does not give rise to acous-

tic emission upon heating (e.g., b rass) , it was observed that the fur-

nace , glass rod , and bonding cement do not give rise to acoustic emission.

Such is not the case upon cooling. Ex periments late in our present study

finall y demonstrated tha t the anoma l ous acoustic emission records observed

upon cooling are the result of microc racking of the fused-quartz rod at

the cement bond. Thus , we lack meaningful acoustic emission data wi th

res pect to the rock ’s behavior during the cool ing phase. Fortunately,

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - —  —-—--~-- - - - ~~~~- - - - .~~~~~~~~~~ - — . - ——-—--
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as later discussions show , there appears to be lit :le micro cracking

activity upon cooling .

Petrofabric Observations -

The purpose of the petrographic onu petrofabric study is to (1)

charac terize the composition , texture , and fabric of the start ing mater-

ial , (2) recognize therma l fractures induced experimentally, (3) describe

their orientation , locat i on , and abundance relative to experimental para-

meters , an d (4) correlate the above wi th experimental parameters and

thoeretical considerations in order to gain a better understanding of

thermal fracture in rock. Observational studies to date have been riade

on liscs of Sioux Quartzite Cut from three specimens thermally cycl ed

(~ 2°C/mm ) to maximum temperatures of 385°, 560° , and 685°C and on cylin-

drical discs of quartzite (19 mm diameter by 3 mm thick) that have been

thermally shocked by ice-water quenching from 400°C.

Microfracture index. The abundance of intragranular microcracks is

expressed as a mnicrofracture index , F ! , which is based on fracturing in

400 grains as follows : percent unfractured grains Xl , plus the percent

of grains wi th 1-3 fractures X2 , plus percent wi th 4-6 fractures X3 , plus

the percent of those with 6-10 fractures X4, plus the percent of those

with > 10 fractures per grain X5 , a l l  X lOO (Fr i edma n , 1963 , p. 18, Table

1). The index may vary from 100 to 500. Indices determined here are

reproducible to + 2% and are used to compare relative amounts of fracturing

among specimens.

Staining technique. It Is essential to be able to recognize ther-

mally -induced fractures, distinguish them from mi crofractures relict from

some previous natural deformation , and from fractures that might arise

___ —-~~ —— ~~~~~~~-~~~ —~~~~~~——-~~ ~~- . — - -
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from re laxat ion of residual s t resses upon thin section preparation . Dis-

tinct ion between therma l cracks and relict natural ones is achieved

readily in that the former are fresh and unhealed whereas by far most of

t he la tte r are hea le d , i .e ., there has been a rebondin g of the silica

across the fracture and the fracture surfri c~ is in v~ ria h ly d~~wrated ~i ith

natural impurities . Both therma l cracks and those that miqht trise from

thin section preparation (relaxation of residual stress) are unh eal ed ,

howev er , and impregnation prior to sectioning with i su i tab le  sta in  is

necessary to distinguish between the two . t ti ninq me th d~ thai in v olv ~

heat ing the specimen (e.g., Baldr idge and Siriinons , 1 T~71 ; i r l  ¶,iirlnons m l

others , 1975) need to be avoided as the specimens ~~~~ an o t -  it iected

to a specific therma l treatment. A room-temperatun s ? a i n i n q  ?~~~~I hnj~~~

was soight , and the one suggested by Mr. D. A. Parker , Nat iona l ~~~~~~~ -

graphic Service Co., Houston , Te xas , was found to wor k s a t i s~ ac t r1l~~,

Before sec tioning, the disc-shaped specimen is im p reqn~ t l  uri d~ vi ~ uu~

with a blue-stained , thinned epoxy which is allowed to harden i~ room

temperature . First , Shell Chemical Epoxy , R-8l5 Resin (Pinq I ~ieni~~ l

Co., Houston , Tx.) is thinned up to 3D~ by vol unie with BCIE n i  tan ’

diluen t (I.W. Industries , Hous ton , Ix.). The mixture is then stained

a dark blue with Kriegrosol blue supra concentrated powder (7-~( Color

Corp.. Hollywood , Ca.). A hardener , Geramid 2000 (Ring Chemical Co.,

Houston , Tx.) is then added up to 50% by volume . This mixture has a

low v iscosity liquid-life of about an hour. The chip is immersed in a

cup of the mixture and evacuated for 30 minutes. Then it is removed from

the epoxy bath and allowed to harden at room temperature for 12 to 25

hours before a thin section is prepared . In thin section , the blue-stained

— - - -- ~~~~~~~~~ - - . ~~ . r ..- - - -  

~~- -__________ a
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epoxy is sky-blue in color and fills the finest of cracks and grain boun-

dary openings. It appears to fill its container completel y, i. e., no

shrinkage upon hardening. Expansion upon hardenin g cannot be ruled out ,

but it does not appear to be a serious proh1 em.

The spec i mens cycled at about 2°C/mm are studied in polished sec-

tion with optical and SEM. Surfaces are polished with abrasives down to

3.0 ~m , impregnated with epoxy , and then further polished wi th 0.3 urn

alumina. The epoxy fills parted grain boundaries and cracks and simpli-

fies their study optically. For SEM work an attempt was made to remove
0

the epoxy prior to coating the surface with the standard 200 A-thick

l ayer of gold-palladium by treating the surface with a solution of 5%

bror iine and 95~ ethanol for 12 hours . Epoxy remains in some of the

parted grain boundaries but is dissolved completely from others.

Reflected li ght microscopy through the gold -palladium coating

enhances best of all the visi b ility of parted grain boundaries and intra-

granular microfractures .

RESULTS

Veloc i ty Changes

The irreversible effect of slow heating and cooling upon the longi-

tudinal-wa ve velocity is shown in Figures 6 and 7. Figure 6 shows the

ra tio of the post-heating veloc i ty (V p) to the pre-heating velocity (V1)

as a function of the maximum temperature (Tmax ) attained during a thermal

cycle. Whereas , Figure 7 shows the absolute velocity as a function of

Tmax in this case , except for the initial room temperature data , the

veloc ity is measured immediately after removal of the sample from the

— .~~~~ 
- __________________
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Fi gure 6. Variation of normalized , post-heating velocjty with maximum
temperature attained during a therma l cycle. VP and V~ are post-heating
an d pre-heating longitudinal -wave velocities , respectively and are
measured “ room dry ’ . Grou p I samples (solid symbol ) and Group II samples
(open symbol) are cored from two different parts of the source block of
~ioux Quartzite . All samples were thermally cycled at atmospheric pressure ,
exce pt b r  two samples (open squares ) which were thermall y cycled under
50 MPa confining pressure .
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Fi gure 7. Variation of long itudinal -wave veloc i ty wi th the maximum
temperature attained during therma l cycling. All measurements are for
fully dry samples , except for the ini tial room temperature measurements.
The data is differentiated (open vs solid symbols) according to the
locat ion of the sample in the source block of Sioux Quartzite.
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furnace  an d corres pon d s tn tha t of a “fully dry specimen. In Figure 6,

the post -heating velocity , ~~~~~~ corresponds to the velocity measured after

the sample has re-equilibrated to laboratory humidity conditions. Be-

cause the pre -heatin g velocity , V ’. is measured at ambient laboratory

conditions , the re—equilibration is es~en t ial if the velocity ratio, /~ /

V 1
. is to refi Nt only the effects of thermally -induced m icrocracks and

not additional effects due to differing water contents . The importance

of achieving re-equilibration is underscored by the observation that the

“fully dry ’ velocity is l ower by up to 6~ (see Figure 4). Nevertheless ,

laboratory humidity changes wi th time , hence it is not possible in every

case to be sure the effect of differing water contents has been completely

el imina ted . This results in a potential source of error.

Interpretation of the velocity data is dependent in part upon under-

standing the scatter in the data points. Pert of this scatter possibly

can be at tr ibuted to error associated w i th  d i f fer ing w~ ter co nten t , as

mentioned above . The maxim um error introduced from this source , howev er ,

is onlj about 2 to 3 .  A more si gnificant component of the scatter

appear . to be associated with subtle microstructure differences from

sample to sample. When the original location of the sample in the study

b lock i s taken i nto accoun t , these d ifferences appear to be systematic.

This is d emonstrated by di stinguishing the data points in Figures 6 and

7 cording to which of two distinct beds in the study block the samples

are taken. As can be seen , one group (the solid circles , Group I) falls

consis~ently above the other (the open circles , Grou p II). Such a dis-

tinct difference , spec iall y in Figure 6, is impressive considering the

small difference in ini tial velocities for these two groups; Group I

________ -. — - — - _______________ - a



samples have a pre -heating average velocity of 4.78 km/sec , where a s Grou p

~I samples hav~ a pre-heating average velocity of 4.84 km/sec. We are

currently aDtempting to determine the initial microstructure diff erence s

of these two groups , but tentatively it appears that Group I has a sli ghtly

smaller average grain size than Group II. Segregation of the data into

two distinct groupings simplifies interpretation of the velocity da ta .

Examination of the data indicates that upon exceeding a thre shold

temperature between 200°C and 300°C, the velocity (for both data groups )

decreases approximately lOt for each 100°C increase in Tmax ’ up to the

i- quartz to n-quartz transformation (573°C). At the - -
~~
-

~~ transition ,

the~e is evidence of an abrupt velocity decrease of approximately 13~ .

Frori 573°C to 900°C, the ve loc i t y con t inues  to decrease , but at a sig-

nificantly l ower rate (ca. 3~/1O0°C). A concerted effort is not made

to deter rine precisely the threshold temperature on the basis of velocity

chan ges , because the acoustic emission data (as shown subsequently) is a

more sensitive indicator. On the basis of the velocity data , however ,

it might be anticipated that the threshold temperature is different for

the two sample groups.

A 50 MPa confining pressure reduces but does not completely suppres

the therma l cracking of Sioux Quartzite . Two exploratory therma l cycling

experiments to 400°C (the open squares , Figure 6) show the veloc i ty de-

crease (measured at atmospheric pressure ) is less than 50% of that result-

ing ~t unconfin ed conditions (Group II samples).

Quality_factor changes

There is little doubt that cracks play a role in determining the Q

of a low poros i ty rock. The exact role , however , is not full y under-

stood . A commonly proposed model relates dissipation of elastic strain
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energY during passage of a stress wave in ~iry rock to frictional slidin g

of con t i~ t inq c r i k fa ces (e .g . ,  Walsh , 1966; Gordon and Davi s , 1968).

On th~ basis ~ f th is  model an increase in the number of cr i~ k mi g ht he

expected to re sul t in a decrease in Q, because there is l i ke l y to be a

greater number of potent ial  s i tes  for s l id ing  con t ac t s  to Ili~v elO p.  When

water is prese nt , Q is s ign i f i ca nt ly  af fected.  There is a change in t h e

re la t i onsh ip  between Q and the microstructure of the rocH This is parti-

I u lar ly apparent in our measurem ents of Q before and a f ter  a therma l

cyc le  for room dry and wa ter-sat urated rock.

Init ial values of Q for “room dry ” S ioux Quartz i te range from 60 to

2Sf , wi th  100 being a typical va lue . The cause for the wide spread of

va lues is uncertain , but it appears primari ly to ref lect s l ight l y di f-

~er ing degrees of saturat ion amongst the sampl es , al though microstr uc-

tural d i f ferences cannot be comp letely ruled out . The pronounced effect

n~ water on Q of a “room dry rock poses a problem when attempting to

dsces s rn ic rostructure changes on the basis of changes in Q . The infl u-

ence 01 wuter on Q may in some cases overshadow the effects of small

changes of microstruc ture . In other instances , the problem is to dif-

ferent iate whether an observed change in Q after a thermal cycle is the

res I Ilt of microstructure changes or small differences in water content

or a combination of the two . The problem is well illustrated in Fi gure

8 , which shows the rat io of the post-heat ing Q (Q P ) to the pre-heating

Q (Q ’ ) (both measured “ room d t y ” ) as a func ti on of the maximum tempera-

ture of the therma l cycle.  The only de f in i t i ve  statement permitted by

the ddta is tha t bet.~Ien 200°C and 550°C, Q is unchanged or decreases ,

—-—- - - . .~~~~~~~~~~~~~~ —— — - --- ———- — -~~---—- — - -~~~~~~~~ - - - - ~~~~~~~~~ 
- 
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F i ‘m 8. Ef~t r t of therma l v cl ing on the Q of ruom dry ” S ioux
~‘ ua r t z i t e .  The post - hea t i ng value , QP , is no rc~iuli z ei ~ w i t h  respect  t~~~ 

t~ ep re - he ting value , Q1 .
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whereas between hhfl C and 800 C , Q increases.  The scatter in the da t

is interpre ted to resul t ; r i n ar i ly  f rom the eff° f s  ~ f s li g ht ly ‘liffer-

ing water contents ~rni” one measuremen t t i  the nt’~ t and from sample t~

sample .

In or:t r s t  t i  i ‘‘ r~~~)!’ dry ~~~~~ Q ot a f I 4 l l y  , t u r I t ’ ~d r e

p lays a ~- iste matic v a r i a t i o n  w i t h  in reasi nq t r e r i! j  1 ing te r’ t i e r I t re .

Fi gure 9 how ~ th a t  from in i t ia l  Q’ s of 25 t i  40, Q proqr ~- - s i v~~l , de-

creases ~ th i ncre i i nq mnaximuni te mpe ratur e of Ce j t i nq , ~ , ~ h~ ~~~~~

transition. Above the transformation temper atA re , Q remains esc e nt ia lly

constant at a value of 10. The Q of a saturated roc~ thus appears to

provide an in d ica t i i n  of microstructure changes occurring during the

therma l cycle. It is not necessarily the same microstructure changes ,

however , that a change in Q of a fully dry rock ni ght reflect, because

- 1 ~~er Ua t i ( n  is dominated by differing mechan icm s in each of these cases.

~~‘enua tion in the saturated rock is thought to be in accordance with a

mechanism proposed by Biot (1956). In this case , energy dissipati on results

fror i re la t ve motions between the pore fluid and solid tra wnr~ ,

r - i  ii v as a rosul t if stress—induced fl ow of water i r the i ri ’ i n  Onr e t ed

pore spate. fe-, the permeability increases , Q decreases.

~~rosi~y Cha~~~s

Figure 10 shows the increase nF appa rent tot a l porosity with increas-

in g temperature of the therma l cycle. Initial porosit y ranges from 0.2 -

0.4 , but increases to 1~ upon heating to 900°C. Although not evident on

Figure 10 , detectable increases in porosity occur at 300°C . The porosity

increases progressivel y with increasing temperature , marked by a rapid

increase at the -quartz to c-quartz transfo rmation temperature . There

~

—

~
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Figur e 10. Varia tion of the porosi ty of Sioux Qua r tz i te  w i th  the m axl mj n
teI p r a ture attained during slow therma l cy linq.
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is some indication that the rate of porosity change decreases above

700°C.

The relationshi p between longitudinal -wave velocity and total poro-

sity for thermally-cycled samples , i s shown i n F i gure 1 1. The prominent

inverse relationship between veloc i ty and porosity for samples heated to

temperatures less than 573°C indicates that a significant component of

the new porosity is associated wi th low aspect-ratio cracks (Mur and

S i mmons , 1 969; 1970). For samples heated above 573°C , however , the

veloc i ty appears to be little affected by additional porosity increases ,

even though the absolute porosity is still small (— 1%). This lack of

sensitivity is an indication that the additional porosity (above that

developed at 573°C) is associated predominantly with high aspect -ratio

cracks or pores .

Acous tic Emission

Technical difficulties prevented us from obtaining meaningful

acoust ic-emission data until the latter part of the present study . Con-

sequen
~
ly, we have da ta on ly  for  a l i m it ed num ber of tes ts , and of these ,

a l l  bu t one a re Grou p I I  samples .

Representative plots of cumulative emission and emission rate versus

temperature are presented in Figure 12 and Figures 13 and 14 , respectively.

Of par ti cu la r  si gn i f i cance i s the marke d similarity of acous tic emiss i on

activity from test to test. In general , upon exceed i ng a threshol d tem-

pe ra ture , em ission increases progressively, attains a maximum (between

280°C and 400°C) and then decreases , commonly abruptly; a second larger

max i mum occurs be tween 570°C and 590°C , coincident w i th  the -~ -~ transition

— - - - — -—-- - - — a
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(Figa ro ’ 14b). The onset it acous t i c  em iss ron  occu rs at 206 ~ l0~C for

oroup II samples (8 exper iments)  and at 250 ’C f o r  ¶ he 1 c r up sample.

The grea ter thres Fo ld  temperat ure ~ur t he (
~r u I  I sam ple is cons i st er

w i t h  the veloc i ty  data (Figure f ). No r ’ - a l so  (F igu re  13) t ha t a s i d e

ti ori toe eiqh er thresh ld t rn (p er a t ilr - , t l~ - ge ne ra l  h - i r a c t ’ r  ~i -i oust.ic

em i ss io n v er sus temperature f~~r the Group sample is v t - n y  s imi lar  to

that of Group II sampl es.

( p i n  t ermination of l o a f i n g  and m a i n t - r ~rnce o~ a c onst a nt  te i i;o rat i i r - ,

a c o u s t ’ c  emission dec reases abrup t l y  to a very lo w rate , w i th c o p l e t c

tl ’r- inat ion u c ua l ly foll owing within minutes t Ir -nea t t en . Upon slow cool-

ing no emissions are recorded during the f i rs t  100 to 15fl te gr e t c , a f te r

which intense emission ac t i v i t y  i n i t i a t e s  and continues until cooling is

complete. The preponderance of these emissions do not appear to be c orn-

irg from within the sample , but instedd result from fr i turing of the

f uc °d - qudr tz  rod /cement bond.

Pe ’ r )taf r i c Observations

~~~~~~ ly cyr I ccl ~ec i r o n s .  Pol ished s u r faces  of — oto imens 8 , 10 ,

1 re i  -
~ 

(1 yr led en e it -th ou t 2 C/mi n to ma xi mum terupe r i  l i i  i i  -c  of 385°

and Iat’ °C , respectively) and of the startinq ma terial are studied

to c ’ i r i i  r i r  t ie developme nt of thermally -induced cracks. The following

l e t s a r - c rppar r ’ r t in r~~t ref 1r’nt ~~ ~ j t i c a 1  and sca nning — elect ron 

_______________ 
a
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I) pa ~~t i  r q  of p t i n  bounda ’- ic s - r -, lres s i v i  -y increases wi th  incre a s—

i re -a~ imum t ic - ore (Ii lure 1 5)

2) mi ‘- - f r i  t i r -  in dices also p r’urc s ci ~ e1y increase ~rOt~1 107 in

the st a r t i n g  na ’ - rial to 122 , 138 , - te d 1- ’~’ 
- ‘) e c i r ne r i s  8 (385°C maximum 

e r n ’ i’ - ) .  10 ~~ r - ~ C)  and 4 (685 C), respe ctivel y. That is , the abun-

dance of i t  r~n g r r r i ir ml - ‘ r  f r a ct u r e s  (F i gu res l°h , 1 7c , d) - i i  so inc reases

w i~ r in re as ) n7 r-:ax cium temperature ; and

3) traces of in tr oi g r anu l ar m icrof r :jrtur es on the polished surfaces

are St n ’ na i  orie nt~-d suhparalle i to the ZY plane (Figures 18 and 17c , d).

Thi s fabr~ c is do- ij nw n ted rini ly in specimen 4 where clear di stincti co bP—

tween grain houni larv and in toa granu la r  m ic ro f r ac tu re  is poss ib le .

The o rog re ss ive  increases in r i ra in-boundar y part ing (crack ing)  is

co n -ci cu ous in photn ricrog t-a phs (Figure 15) and is not quantified fur-

ther. Note in the Y -irtin g m aterial (Figure l5a) tha t the boundaries

are indis t inct and i n r i H e t e . They are somewhat more conspicuous and

co n t i nuou s in Spec i r r en  8, hi t, re t  P maximum development in specimen 4

(F iou res i ’ d  and 17c , d ) where e i” ’ -y  pr -d in  boundary is conspicuously

parted. i~t hi gher - , 4 n i f i c a t io n  to morphology of parted boundaries in

the thermally t r e a t e d  specimens is l o t  cn’-oi cu ous ly different from

that in the starting material (Figure lla , b). Although the fracturing

along the boundar ies is complex and small d i S i dgi d fra nroe nts are —

apparent (Figures 16 , 1 7h) t h e n -n is no , o - i r l  ii nq rea c ;r i to s u c le c  t

shear di “p 1 ac er ienit ’ , along these bo e - 1ir ~~~~

r t r r g r r i ~~lar n u n  r n f r - t (  t a r e ’ , of ’ - r -  i r i f r ’ rs ro t t I e qr li r i boundaries

at hi ph t r i j I es and (lie it  i n to  the p i i  ni (F i ij .~ ’es  ~t , 1 7c , d ) . They

also are d~ve1 1 r I  w i t h i n  t he  - I t  d i n -tn t , a t  le ast in w e - i i en -  i on s ,

—~~~~~~~~~~~~~~~ . — - - — — — —  - - a



b 
‘

~~~
- 

-

4~;. ~~~
1..

~~~
- -
~~~~~~*:

’
~~~ I-

- - - .~~ ~ 
-,,

~

- 
. -4. -. - - ~v~~~~ wp 

~~~~~~~~~~~~~~~~~~~~~~ 
- - - -

-4
., 

- - 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ r f -  P ~-
- -

— - -
‘ 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(-4 

•_
4 - 4

- •• ~~ .‘ - W 
~~ - ,~~:

k- ~~~~~~~~~~~~ 

-

( - 
~~~~~~~~~~~~~~~ d

‘ a inn I no c i  ( ‘Ct  rue a 
~ 0 ‘inn ,1 a, ~ I. -

‘ t n t , i r ig ’  I / 1 ) f hi’ r ma I y ur n t n  ‘ t i ’  I ‘ . ‘ ‘ : p n ’ a t r  ‘ , .,

~p~’~,i rnnn’ P ( ~~h ( um a x imu ri • ‘ p e r - it t v  ) , 11) (‘‘E n  C ’) ‘ 
- 

‘ ‘

- The buurnd ,rries lu—co - -i ’ - ‘ i  i n ’  p1 ruo us d’ -

- r i ’  ri—a 0 1 vi 
~t I r a  x 1 10111’ f i ‘ ‘ • r  ‘ t I *‘ I ‘ ‘ ‘  ‘ -

~1 • —_~~
. . — — - —



P4

Figure 16 . SE M photonlicrographs show parted (bold arrows ) and impa r ted
boundaries (slim arrows ) in (a) and intr agranu la r microfractur es ~a’-ro~i - )
in (b ), Sioux Quartz i te specimen 8 , 385 °C , maximum temperature . Sca le
l ine is 0.004 o:n •
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Figure 18. Frequency diagram shows or ientat ion of the traces of 163
r ’ ‘~ granu1ar u”ofractures on the polished surface of specime n 4
cycled to 685°C). The microfracture traces are oriented preferent rallv

- mr ,i l lel  to the ZY plane .
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appear independent of grain-boundaries. There a lso  is no reason to sos-

me shear displacement along these fractures.

The preferential development of in t r - i gran ular mi cra fr ictures sub-

parallel to the ZY plane correlates with the state of residual strain

and w i th  one of the resul t ing trends of fract ure inisotropy in this rock

(Appendi ’ A , Figure 4a, b , and d). This fabric suggests that the resi-

dua l strains may be influential in controlling the orientation of the

ther m ia l fractures.

In the fijture the surfaces also will be etched to disclose modifi-

cat io n s of smal le r scaled ph enomena su ch as d is lo ca t io n arr ay s (etc

pits) and subgr ains. Also specimens 4, 8, and 10 need to be studied in

thin section to obtain a three dimensional appreciation of the intragran-

ular microfractures and the relation between therma l ard elastic aniso-

tropy in the grains and the parted boundaries and microfractures.

Thermally-shocke d~~pec i rnens. Discs of Sioux Quartzite (20 ruin dia-

meter by 3 ruin thick) have been thermally shocked (ice-water quench from

400°C) in order to compare thermal -crack development under transient

t hr’rr al conditions with that occurring during slow heating and cool ing.

(ic r c OOI )pi ca ll y, discs quenched from 200°C, 300°C, and 400°C progres-

sively become a lighter shade of pink in reflected light. The conipari-

son with similarly prepared discs not subjected to thermal treatment is

most dramatic (Figure l9a). Microscopically and in reflected li ght , it

is obvious that the li ghter color results from reflections of l l i l ht from

cracked grain boundaries (Figure l9h , c). In thi n sm ’c t h i n  (transmitted

li ght) grain boundary partings and intra granular cracks or im ” rtnct perpen-

dicular to these boundaries are evident (Figure 20). Many of t t ii 

—--—-— - -—-.-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
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Figure 20. Photornicrograph shows thermally induce d gra i n boun dary part-
in g (bold arrow ) and intragr anul ar cracks (fine arrows) in Sioux Quartzite
quenched from 400°C. Fractures and boundary are stained. Cross pola rized
light. Scale line is 0.01 cm.
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appear to have ori ginated at the g rain boundaries and to die out in the

interior of the grains

A deta iled comparison of therma l fractures in an untreated disc and

one quenched from 400 C (Figure 21 ) shows that (a) 34- of the grain boun-

daries are parted in the star ’ ng n a ’p r ial w hi le 83t of them are parted

after therma l - h ock ; (b) most of the microfr actures are concentrated in

the outer periphera l zone of each disc , wh ere they are or i en ted tangen-

tially; but their abundance increases after quenching with Fl’ s of 157

and 236 before and fater quenching, respectively; and (c) microfractures

i ncrease sl i ghtly in the interior part of each disc wi th an Fl of 109

before and ore of 123 after quenching.

The concentration of most the microfractures in the periphera l zone

(four grain diameters wide ) both before and after quenching and their

tangential orientation (Fi gure 21) suggest they are produced by more

than just the thermal treatment. Many , but not all , are stained with

the blue epoxy indicating that at least the stained ones existed prior

to thin sectioning This cracking could arise from the coring process ,

from discing with the cutoff saw , from thin sectioning (unstained ones),

and/or from the influence of residual strains prior to or during thin

section preparation. The latter is excluded , at least tentatively, in

tha t the tangential microfracture orientation pattern is axially sym-

metric about the Y axis whereas the residual strains are not. Similarly

oriented and located fractures do not occur in the polished discs of

the slowly cycled specimens. This fact and their greater abundance in

the que iched versus untreated discs clearly shows that the therma l

effects are i mportant , and poss ibly dominant , in their development. 

— - - - - - —_ - - ----—-~~ ~~~~~~~~~~~ —~~~~~-—‘- --- - •  - — - -~~~~~~~~~~ - - - a
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Study of the orientation of the most conspicuously parted grain

boundaries in the 400°C-quenched specimen indicates they too are tangen-

tially oriented (Figure 22). Their orientation pattern also is axially

symetric about Y and for the reasons expressed above probably they also

are not related to the re sidua l strains. The boundaries measured occur

in the interior parts of the disc , are all stained wi th blue epoxy , and

appear - to be caused primarily by the therma l treatment.

A detai le d stu dy of the crystallographic orientation of g rains on

either side of conspicuously parted grain-boundaries was made to gain

insi ght into factors that might control the grain-boundary deformation

upon thermal shock. For example , one might expect anisotropic therma l

expansion in neighboring grains to induce deformation at the boundary .

Di fferen t ial ex pans i on or con tract i on parallel to the gra i n boundary

woul d be greatest if the c-axes of the adjacent grains were oriented

at 90° rather than 0° to each other. The frequency distribution of 100

angles between c-axes of grains on either side of 100 conspicuously

parted boundaries in the specimen quenched from 400’C is random (Figure

23). Thus , th i s an a lys i s does not reveal any “caus e and ef fect ” relation.

_ _ _ _ _ _  a
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Figure 22. Dianram shows normals to 1 1)0 conspicuously parted grain
boundaries in a disc of Sioux Quartz i te quenched from 400°C . Plane of
the c iagram is paral lel to the c i rc u lar  sect ion of the disc w i th  Y , Y ,
and 7 as indicated. Sedim entar y bedding is para l le l  to XY. Data are
plotted in l ower hemisphere , equal-area projection .

20
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C 
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Angle Between C-Axes of Quartz Grains
Across Parted Boundaries

Figure 23 . Histogram shows the frequency distribution of the angle be-
tween the c-axes of pairs ,of quartz grains across 100 conspicuously
parted grain boundaries in a specimen of Sioux (‘)uartzite thermally
quenched from 400°C. Dashed line ind icates the ex pected random di str i-
bution of such data (Bloss , 1957). 
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DISCUSSION

Changes of longitudinal-wave velocity , porosity, and Q together with

petrof abric observations demonstrate unequivocally that si gnificant ther-

mal cracking occurs during slow therma l cyc l ing  of Sioux Q uar tz i te .  This

data alone , however , does not allow us to specify when durir i ri the therma l

(:y (le the cracking occurs. Unfortunately, neither does the acoustic emis-

sion data , because of the lack of meaningful records during the entirety

of the cool ing phase. However , pronounced acoust ic  emiss ion during heat-

ing together wi th  its absence during the f i rst  one hundred deqrees of cool-

ing suggests cracking tak es place primarily during the heating phase.

Better evidence for the preponderance of therma l cracking during the heat-

ing phase is provided by a comparison between post-h eating values of Young ’s

modulu e with values of Young ’s modulus determined e t  t o~n~ erat ure .

Figure 24 compares values of Young ’ s modulus of Sioux Quartzite mea-

sured at temperature by W ingquist (1969) (open triangles and associated

error bar) wi th our room temperature values of Young ’ s modulus of thermall y-

~,c leu samples (solid squares). Both sets of dat e are normalized with

re ,~et-a ’ t  to the ini t ial  pre-heating value ut Yourg ’ s modulus as determined

for room-dry samples. ~side from tOe i n It ia l  pre-he at ing v a l e - -  , d l

v - ions of (eurmy ‘ S modul us b r  both sets cf lata are for fu IJ  Li y i i - m~-~ Cs .

The comparison of the two sets of -io ~ n Figure 24 , does noc t I O m -  i nto

account tha t WI ngqu is t ‘ S measur e- - - t a t  + t’ i’ ;perd tore ref lect  both the

irreversible and and reversible eff”~ ts of t ’ - i p i- re  ture , whereas the pos t-

cycling value s reflect onl y the urreversible effects. For temperatures

less than 500 C , both a Ruess _ Voi p t -H il i (RVH) averag ing of single -crystal

- - - a
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data for quartz and measurements of ide ( 193 7 ) on a qudrtzose sandst ’j oe

(80% quartz) indicat e that Young ’s modulus decreases rev r- rsi bl y appr o~ i—

mately 2~ for every 100°C increase in temperature . Between 500°C and

the ~~~ transition , the rate of decrease is significan t ly larger (see

Figure 2/). At the ~~~~~ transition , Young ’ s modulus (k~H av o -r ec e ) abru ptl 1

increases to a va l ue appro ’cimate ly 4 greater than that at 20~C. Apply-

ing these corrections to our data brings the two sets of measurements into

nea r coincidence. Such close coinci dence is not to ~e expected if a

si gnificant component of therma l cracking occurs during the cooling phase.

There is , howe ver , a potential weak point in the comp arison of our

post -cycling data wi th Wingquist ’ s measurements at temperature . ~he ini-

tial pre-heating value of Young ’ s modulus of the Sioux Qu artzite -,ar ’iples

used by Wi ngqu ist is approximate ly 20’. greater than tha t for our Si rnj .

Quartz ote samples (78 GPa vs 6-2 GPa). The difference in Young ’ s modulus

indicates the two sets of samples have different initial microstr oi tures .

We do not know , however , in what manner the m i c r -ostructures dif fer , but

we assume , for the present , that the effects of differing micr ostructure

does not greatly affect the relati ve degrees of therma l cracking developed

in each set of samples. Unfortunately, we cannot be assured that this is

the case , because our studies indicate that subtle microstructure dif-

ferences do affect the degree of therma l cracking developed at a specific

tempera ture , all other things being equal. This is demonstrated by the

measura ble differences in the t e S - ( ,sho lO temperature and velocity changes

of Group I and Group II samples in our study . Grain -s ize differences

appea r to be the pr i’-ie r~- reason for the differences in therma l cracking;

I - -- --~~~-- ~~—---- -- -~~~ --- ~~~~~ a
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th is is os is t  rot w i t h  o bserva ‘ ens u~ o her - 
~ -rk  re -s (C larke , 1964 ;

Davidge and Green , 1 1h~-~a , b ; Per - n i , 1Q 71 ; ~usi .-k ~r d D r e dt . , 1973 , Ric t-

t e r  and Sinunons . 1974). In ~ero ’ral , he cod r- ,nr t h e  gra in—s i  ze , the

l~ w o r  the th resho ld  tempera t ore and ‘ he  ore. t er + he degree of t her inal

c rac k inq  that dev e lops at a spec i f ic  t c ’ rspe re t ure .

Ide ’ s (1937) measurements of the velocity of rock at ele v~ ted t o r i —

pera ’ure during slow therma l yclin ’i also indicate that coolin g induces

l i tt l e  if any addi t ional  structura l damage . He observed that the v e l o c i t y -

VS tPrn~;-E’rJture curve was essentially the same upon re-heating as it ~~~~~
-

during the cooling phase of the previous therma l cycle. If siqn i~~ - - i nt

therma l cracking had occurred it is expected the veloc i ty ~ ‘i1 d be l ower

upon re-heating. The velocity changes upon re-h ei t i no only if the tem-

perature exceeds the maximum temperature attained during previ ous thermal

cycles. Recent experiments (Todd and others , l9~~ ) c o n f i r m  that no velo-

c i t 1 change ocr - i rs  for sa mples t hermally r e y ~ led ‘o t e r n ; e r a t s r e s  l e s s

t t i e r  or equal  to the previous maximum temperature . These ob sor-vo ti -~n-;

hold true for the Sioux Quartzite . A sample cycled seven ti~ m ’ s t~~ 515 °C

di sp 1a~ ’ the same velocity dec rease ~w i th i n the un ert’a in t v of the mea-

surements) as a sample cycled only once to bl5°C.

The intense therma l cracking of Sioux Quartzit e upon slow hea fing

i (H rectly attributable to the marked therma l expansion ani sotropy of

quartz. At room temperature , for example , therma l expansion parallel to

the c-axis is approxi mately half that along the a-axes (~~ 
= 7 .0 10 -h (~-l

vs = 13 .2 x 10 6°C~~). In the Sioux ‘)u,i rtz it e , neighboring quartz

qrain- ~ t~ p mc a l~ y have differi n g crystallographi c orientat ion - . Conse-

quen t iy, when t h~’ temper ature of the m c  k changes there is a r c 4 ens i ty
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for differential displacements to arise at the bounda r~’ bet~ta-v ad 7 o i n in q

grains. If holes are not to open in the structure , compatibility of dis —

pla e~
-
~ ’nts requires a system of sel f-e - i - j il ihra t inq stresses d e v e l o p  w i t h i n

the grains to restrain these differen tial di sp~,i r’iuents . In general , the

greater the crystallographic mi sma t h of neighboring g r d i r - ~ the greater

the i nter granela r stresses dev k - 1 oped. If the in t€ ’ rg ra nu lar  s t resses

exceed the local strenqth of the mr-nJ , fracture occurs.

Exact calculation of thermally -induced inter qranular stresses (-~)

is difficult , but analyses of several simplifi ed caces (e.g., Peas and

Honeyc~mbe , 1946; Davidge and Green , 1968a ; Devore , 1969) indicate that

F E
~~ ~ 

~
“ a 

- 
~c ) ’

~
T 

~~~~~~~~~~~~~~~~ 
. (4)

where T is the temperature increment and 
~a , c and E are , respec-

tively, the therma l expansion coefficient and Youne ’ s modulus parallel

to the a and c crystallographic axes. As shown in Fi~ ures 25 and 27,

the the rma l expansion coefficient and Young ’s modulus are a function of

temperature . Of particular i mportance with respect to Eq. 4, the dif-

ference between the therma l expansion along the a and c axes (\
a:T 

_ k
c ’
~
T)

increases with temperature (Figure 26). This differential thermal-expan-

sion Strain increases rapidly as temperatures near the ~~~ transition ,

wi th  an abrupt increase at the t rans i t ion point.  Nota~ ly, at higher ten-

peratures the differential strain continues to ire rease even though volu-

metrically, quartz contracts (Fi gure 25) . E .. an d Ec decrea se progressively

with increasing temperatures below the ~— p transition , with a marked de-

crease just prior to the transformation point (Figure 27). The transformati on

— - - -- ------ .. aar ,~~~. ,  - - - - —~~ -
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F i ; i r e  25. ~it n rm e1 expansion of quartz para l le l  to the a and C
crystallographic axes. Data from skinner (l” Jb c , p.91 ).
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Figure 26. Varia tion of the differential therma l e x p e l ’  ion of quartz
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Data from Skinn er (1966 , p. 91).
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Figure 27. Temperature dependence of Young ’ s modulus par a l lel to the
a and c cry stallographi c axes of quartz. Val ues of Young ’ s modulus arenorrnal- zed with respect to room temperature values , [ a

s 0.78 GPa andEc 1.03 GPa . Data from Perrier and de Mardiot (1922) .
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wi th  temperature in a polycrys tal line aggregate of quartz.
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is nranLe j ‘v a s iqn i f i .  - r o t  an d - i t ’ n i i t - t  j r  t e r s e  in F 1 ( 5 W C  - I t -

~~~~~~ ~~-. r i n  ne -i s p  slo w l y w i t h i re re a s inq  ‘ ‘ i t i ’ + ’ r i ’ ~~‘

Usine ~l~ ’ ‘ l i t  in Fi gure s 26 and 27 , E. q l — r~~i - - r I  4 ‘s e -~r 1 u a t

p lot t ’ d in F ig - i re  28. Th is  plot shows . as -~ ~ i ~Y 1 a - i  0 1 I - ~ 
‘ i e r r , t ic

f~inc i l t o r l  1nr’~ 5f  t o ’  i t  r’ase - ‘ ‘he rnia l 5t r’- - 5e5 -~,1  I i r c r e ~i s i n q h- ’- -

p 1- rat - ire - ass a r-- ing rac tune does not oc- j r . T h e -  c - lo t  show ’ most ~ im: , r ,- - . _

si v e l y w h— i the ~— v  t ransition is marked by an ribri ipt iii’ reasi’ fr cn r in g .

I t  a lso ind icates why therma l crack ing is l i k e l y  t r ’  ar i t inu c a~ 
‘ - ri p e r  1-

ture s Or Ive the ~-: transition , as -l re-suit of ~on t in st -el increas e o f

~ r ’ - ’ ’ - r l  Stresses . It is unknown wh ether the predicted decni~- r ’ t ’  in ‘t i e  -

mal stress i nu-nediatel y p rior to the ~— v t r ans i t i on  a c t - ai l ly  occur ’ - ii’

the case of  the Sioux Quartzite . Such a reduction in the therma l stre sses

is ex pec ted  to be accompanied by a reduction or cessati l-T of crack i r- t q ;

accordingly , acoust ic emiss ion should be minima l in this te inpt- rj tur t  in-

te rv a l . Sp- i r I ty ef acous t i c  mission data in this interval ,

p re c l i de s  ‘ her king this out at present.

Somewhat unexpectedly and far the present u n e x p l a i r ’ r ’ d  , ~ t -  ~~r - - j-~ ~~~
-‘

t ha t  t he  p o s t - t r e a t i n g  p o ro s i t y  of thermal l y - I  yJed Sinu’ U ri,i rt :it e j~~

p vrp ’rr tio na l t~ the differential thermal — expansion str ai n ot i ue r ’ z occur-

ring at T ni~ ~f the therma l cycle. This proportionali t y is in d i ca ’ ’- --l i n

Figure 29 , w h i r h  ‘- how- . superposed log-linear plots of p o s t - ht -rt inq - ‘ i r s’-

Si ty versus T and maximum differential ther rn al — exprr r ’-,ion S ’ rn i,  f

quartz versus temperature ; the latter curve is shi $ teS para l 1+ -i f i r  h1’

or di r a t ’- a-~is to ob tai n a ‘‘best fit” with porr r’ ,l t v d at a - 1 the ; rt ’ ,en+

we cannot exç la in the observed proportionality . We do rio t t - , t r e w e v t ’ r , h it

a similar pme l ro nt io na l it -, between the volume of en indiv i du a l
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Figu re 29. Superposed log-linear plots of post-heating porosity of
Sioux Quartzite versus maximum thermal cycle temperature , Tmax (open
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indicated by the vertical bar at 100°C.
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therm a l c rc rJ  and the diff ‘ n t ’ r ’  ti a l th t ’ni~ral s t ra in  of r l u a r t /  is n - f  ~ (

he unexpect e d .

A thermal ly - induced cr a r is a “hole ” in the i-ri - k s  s t r u ct ure t ha t

is a d i rec t  r -
~’cr i 1 t  o f  di t ’ ’ r - r ’ r t j a l  therm a l ‘ - - c a n s i n r ~ bet w c ’ er r  n t - i’ Ihbor inq

g r a m n ’  - T o t  volume at  the r neck th u-~ depends upon t he magni tude of  the

di t t ’ r e nt i al displacements occu rring across the nick - A c c o r r l i n g ly ,  t~~--

greater the mismatch of the therma l expansions of qr a ins w i t h i n  the im-

mediate vicini t- ~ if the crack , the greater the volume of the sma c k . As-

suming ‘his oriceptual m odel is approximately correct , it is not unrea-

s e n I l e  tha t at a spe c ific temperature the volume of a the rm ally -induced

c ra r ~ is proport ional  to the maximum differential them -a l ex ~ ins ion  of

quartz n r :urr ing a t  that temperature . The proportionality constant should

dep end upon the crystallographic orientations of the grains in the ini~e-

d ia te  ~‘ r c in i ty  ~ f the crack and thus var ies  from crack to crack. Further-

more , ic i ng  a we ighed-averag ing schemed it should be poss ib le  in pr inc ip le

to de fine for each temperature an “average ” propor t iona l i t y  constant  bet-

ween tot al c rack  pomri ’~ity and the differential thermal-expansion strain

of quartz at that temperature . If tota l crack porosi ty is determined at

room temper ature , then the proportionality constant must be corrected for

the recoverable volume changes occurring upon cooling. There is no iniiie-

diat ely obvious reason , however , why the corrected “average ” proportionality

sr - instant should be independent of temperature as indicated in Figure 29.

Our studies of acoust ic  emiss ion during heat ing are restricted to

‘ I t - f r - (  t ie r  of s t r e S s  wave ’, t ha t  have e , rn l i  t i l t - -  greaten than l0~~ m an d

frequency c o n t ” r t ’~ between 5 anc 300 kH, . Thus we are measuring only a

portion of the acoust ic  emission generated w i th in  the rock , but we assume

- 
- ~~~ —_- - -—-_ ~~~~~~~ . _______ a



our sample is representative. Besides the uncertainties associated with

detectin g onl y a fraction of the acoustic emission activity , we have no

a s s u r d n r t ’ that all emissions detected result from fracture events. Another

p — t t - n t i a l  soum ( e of acoustic emis sion is from unstable sliding between

—i r ~aces ot a brittle material (Hardy, 1971 , p. 69) .  Durir l I therma l r y c l —

m g .  differential contractions or expansions may g ive r ise to unstab le

s1~ d irI ’ l between touching , detached grains , or crack faces , or both. Since

we are primarily interested in fracture events , it is hi ghly desi rab le to

differentiate acoustic emission generated by fracture events from that

associated with unstable sliding . The feasibility of making such a dis-

tinct io n , however , has yet to be demonstrated . Ideally, the d i f fe r ing

source mechanisms ( i . e . ,  fracture vs unstable sliding) may have identifi-

ably different acoustic emission signatures. For the present , we a ssu me

that the preponderance of acoustic emission is associated with brittle

fracture .

In our experiments , we do not record the actual w ave f o r r r s  of a c o u s t i c

emissic,n events , hence we do not know the amplitude distribution of the

emis s ions .  Consequent ly,  it is not necessari ly meaning ful at this t oot

to attempt to correlate either the cumulative emission or emissio n rate

data wi th the velocity data . We do not know , for example, whether or

not a hi gh emission ra te corresponds to a large increment of structural

damage . To make Sui h a correlation , we need the amplitude distribution

data .

The acoustic emission data has allowed us to specif y precisel y the

onset of therma l crackthg . More Import antly, however , we have been able

to show tha t acoustic emission activity is very similar amongst samples

subjected to the same therma l condit ions. This consistence is essential

~

. - - _ _ _ _ _- a
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if the acoustic ei ission data is to be amenable to a n a l y s i s .  C1 t -a r l - ~,

more won~. is needed ari d warranted . In par t icu lar . t~ i~ d: r - l i t ud e  d is t r i -

but i en and freque ncy spel t ra of the a c o u s t i c  emi ss ions r ri r i ’ ,t also be

ana lyzed .  

-- - .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - _ _ _ _ _  a
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Conclus i ons

(1) Therma l cracking of the mn onomineralic Sioux Quartzite upon slow

uniform heating is directly attrib utable to the marked thermal expansion

anisotropy of quartz.

(2) Therma l cracking occurs only after a critical threshold temper-

a ture is exceeded. For the Sioux Quartzite , the threshold temperature

for an initial therma l cycle ranges between 200°C and 250°C, depending

upon the specific microstruct ure of the sample.

(3)  Above the threshold temperature , therma l cracking increases

progressively with increasing temperature . The majority of cracking

occurs prior to the t-quartz to s-quartz transformation (573°C). A

si gnificant component of thermal cracking occurs at the -~ -~ transition

and is reflected by an abrupt decrease in the (post -heat ing)  longitudi-

nal-wave velocity , a rapid porosity increase , and intense acoustic emis-

sion. Thermal cracking continues above the -~~~
-

~~ transition but at a

reduced rate .

(4) The preponderance of thermal cracking occurs during the heating

phase of a therma l cycle.

(5) Thermally-induced cracks develop primarily along grain boundari es

and secondarily as intragranular cracks . Typicall y, intragranular cracks

intersect grain boundaries at high angles and tend to die out into the

grains.

(6) The pre-heatin g residual strain state influences the development

of int~aqranular cracks.



P-h

(7 ) h i i t r $  le micnost r’ ucture di f f r’ ron i ’  measurably at fN t the degree

of therma l cracking developed during a therm a l c -y r l e .  t iiri si ze I -j /  be

t he dominant m ic ro s t mu c t u r e  parameter .

(8) The obsenv ’d r e la t i o n - h i p  betw et - ’ - 1 - n q i t u d i n a l -wave v e l o c i t y  and

poros i t y  ind icates that  the bulk of the porosity developed be law t C C

t rans i t ion is assoc ia ted  w i th  low aspect - rat io  c r a c k s , wher ea s above the

i-n , transition , increased porosity is associated primarily ~it h hirj h -~S-

pe r t- r a ti o cracks.

(9) Acoustic emission has proven to be a valuable sour ce rn l r$ ’ ir -

mation and is l ike l y to play an importa nt role in future atte nrip t ’-- t r ,

u r ri l t ’ r -’,t,j r d  the deta i ls  of thermal cracking.  Most s ign i f i can t l y , the prt- —

sent study has shown that acoustic emission activity is very similar

amongst Sioux Quartzite samples subjected to the sa me therma l conditions.

(10) The quality f a r  tom , Q , displays a marked sensitivity to the

presence rnf wa fer. Typically, Q displays a change after a therma l cycle,

but when measured at fu l ly -saturated and room-dry conditions it has not

orov -n t~ be an espec ia l ly  sensi t ive indicator of rnicrostructure changes.

:t~ve e tet-lt ~ss , Q of a fu l ly -saturated roc k d isplays a systematic decrease

with increasing thermal yn l ing temperature and appears to be in accord

w’ t . h Biot ’ s mechanism of attenuation in a fluid -saturated , porous elasti c solid.

Chanqe s of Q for “room-dry ” samples are less systematic , but si gnificantly,

Q increases for samples heated above 550°C.

(1 1)  Confining pressure inhibits the development of therma l cracking.
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( .ulnutai r ’I iis ,h m g t _ - u,_ h r n mm m h — n ’ r t n , _ m ( , t  ,su,’e SIn ’,’. h i _ t m , ’  I t m i ~/to n Lmp ~i? / ~~, - - - ‘ n- ,,t t~: ic- i ,,l 1,,- 1 / t i i n n , ’ i , s  ‘i ,n ,, l , ,  - i  In- n . , , ’  1r,,n-iur~s ,,, n~~, mm beminsn I’’ ,m ,p nn l -’ , nn , I ns l n n-,,n ’’ i l  ,,l ,,, u nn - , , t , -  l e g

I ~ l b  s ii
n _ i, - , i t , i~ t n m , n  ii t g - miii s i t ’ s ’ , i ,  ., _ , i i c n  ~,,,i _ u —,,1 n , t , , . , nn n  ~~~~~~~~~~~ ~ii l -  I I —~l _, u , t - i st ’ i _ t I , s,mh ,m s - ‘ — , - _ t m -u n’ ,Imc; ti :-

t b , -  ,nr ‘ n m pl i t t n is s,~~,, i l , ’  tin

-\ ~ , , - n , f  ~~T ‘f l it f ,s r~ ~~c t c  ps u . st It’ s~~ - k - - i n  u , ’pn -~1,in ’ s I n t  -- 1 ieuidcu mci I n  lr,ie?m,i,- s i, 1,-ui, pnt r Iirt i- .1 / pI.m ~tn’

~~~~~~~ 
i u - Is is ages - ‘~ u - - l i t , - ni - s _ i t s  ( me t ed niir ‘P s~ b i  l ine Vt m i l u t  nl , t imsh \15V. uiii,tnis I t I ~ i,’ i t l is l  t h_ t t  the

tr ut : t ,u res 
~~~~~~~~~~~ 

is in qmm ; m i t i  ar md Ie ld s pmi e s p ’ l t m l m , ’ i m t r u u i s p i . i i m ula r iuiuer pia nular r , t t lm ’ . u I 1~. w et el mi: ’d i’u the

i,mni eii.n_ , ir ist I ( H t m /  nin- m s , , t n e s  ui the Ieldsp.mrs . uttid al hs utr - t huni~i , mt i5n - i - i  thin ’ n ’ i u i s t m t i m n ’nt mincials . is in~ eu sr i: 10 ’-

and fi ller’’, lune t s~m ti i~mn:ci lum e p- ‘ u t t , ’ na l  t i m l t’ ,n , i mt i t ;  i .ite 1 i m .m rc , - .ti ( ira ui i t e I. ‘ ti~’.eighted
I ti e u i i t t i t i l h s  i i  the I: .mt n - s mi t hong grain /— , ‘ m mui d_ i u Cs ‘1 I r , u uu , ’ s  b r  the 22 ii mn lo u ,s  s t i u , l i n ’ s l her,- ranc’e 1? - ‘m I

ne s ,’ tu e\s hi,it pt r ’1er rentt aIl~ ,t r t t ’nted iii e,mn h t m l  the t ,’ 24 ,iti,h . i s n ’ i . m p e  ~ ss I l mm ts lran -t m i rt ng w ithi n p- _ t in s is

H m e  ruin Etiall per pen ln - : i ml . m u t inim sm ’rii’ ti’ n- i t t  fr i ‘ ni t lie a iu i ams t  s i X t uune .s nm ‘ in - Ime nhueni t h a n i i t m t ip c’t mt n i”’ s mm n
h - - 1 igs in- , t , , i uu , i p t  [ ti e , ‘ r le u m i m t i o n  is s u t -u p e s t  ui , l ,? l  5 5  II l,,IR’s’.s that .ml i i  mc ,-ienienits itit ’ .— ru, i I I~- thin’
i / i, ’ th mut  s,- , i n - t m  ni: mIl d t h, \ / ; ‘ iu t i r ’ Ii ig. I t’h ss hier’ .’ g iants i _ u t h i r ’ u t h_ iu the g i nm iu l h , ’ imri t . u t  in’s It :  tmmre ,m n t to

the grain h , ’n i: n, i., r i es - i i ’ ’ suI’p i t  i l l — h lit the -‘ 
) pI.i in t - n t i l i t nm ’ i  Ii , ie t u?r e o r i e t i t i t t mm ’ u i  in thus r , ’ ck

I (sr -  is .1 l i i i  mk ’ .’m se  ‘I - ‘n p I , m t m , u n  heiweeti th in - I / t ’  ,us , ’ , n :, ,j ,,tp The .t -,e t  mg: ‘ ,CI i ’n Is  ,mi ln i , u t t e - n u ? , m l m , , u n

cm i m e u m t , t t um ’ nm n ,  iii t I m ’ - tm n iu g  mim .t iti l ’ ’ ’ i n n tLmrmu is  - mud thtis m,’ m l tk- hd- ., deter unint - fro m ‘ mum t ,m  l i s t - s libieri’s ~2 art- show n

th in - induced t u s h , - t u . t t  1mm -:‘ t ’ .mu mparc~ I ig lb P11(1 1, in I- in - I—m r the ( t a n , ‘- m l ( i i  t i m m t e  the sn—Io n i t ’  field

m u g. d m d  ci I -m e ts  neark ,is m , m Il’ s ss t i it nn - t r i e ahmmi t the / n,irit -

I t m mt mt e cl em s a gs - ’- ate  randttmt ’ ,  mi tented ~I me 2ai . is d t t i , m t n -s m \ m s . the isis ml uiitl ltniuuti se i , ’ c i t s  / hets ’ .n’t’ im 4 - 7

i re  t he i t i l l i t  c i i’as , t m i t - ptu mne- i t O thin- kImi s 1’ . u u s  ,nr, i thr’ and 4 ~ kin 5Cc ! \ , i- ’ ,  t i es  par_ t i le 1 t m -i t he \ ‘i piat i r’ are

in ’t i- .p_ i i  t i~ i i -  h u n t  11am ’ ( l i p s  ~I’ .j( \l i ci , ’ l u .,, ‘ ,r,’s m utt  un - a r t ’, t h e s t u n , ’  15 I(~ I m ’ Hi) km src ) w i t h  a uil,usinium

ii - ‘ - - l i ’ , tm i ’ r i  mm ci),,: ‘n liii ’ t ither hand . are pr— len — n’ riuhparathe h to I lie a’p.’i age sel octt~ is we ll below that
t itu s ( h ’ i b n s i i t l , i t s ’ tl s t i l ’ p_ t un th ln ’I to the ~. ~‘ pi_ mne I! ,t ’s _ ‘h ’ - I .t it ’ l ,iti tel i, munt rac tu ir -sl gr:mt i m d u m m t ut i ’ 1 hus th, u tick

m u t t n i  I Im , - -.,- n-In-g iit’ i i t s  i rs ’ , m t m , I - n i t i s  orientesi in liii ’ thi in ~,iii be n’s t’t ’cte d tm ’ lia~e ii st iit d _ i t t t tn ie rm ,tt aclm ites I hi,’

s,’. i toH t - . m i  olIn - I  to t im e \ Y ptum nm’ n I tm 2 t /  I h u t s  thn,’ sn ’I t ’c i t ’ , patt i- in  sm iggt ’ s ts  .u sO mite sr- I i—I  t ’ t i r r t ’ l i  , t c tm t t e s

on ie t i t : i t s ’ im t i , ’ui , ls it i l t s  t i i l ’ . u t ’ l i  i , t m m r t ’s umnd estn ’Iui(ion ~mcr peutdin-ui~mr t i m  lhc / , u i u s  with a pt ’ss ihim ’ ‘,‘.e,tk s ’ ,st eun

i,mrn’.’hlan’ huhhuts ’ . h i t  se ii the unduei’mh ir ’ ns m in - t r i r  t i l t s ’s perpn-ntli’.’~~I m u  t o lit,’ \ .i

I n,u , is t ~~, mm ti , i , i i  u u n , - , ,o  , t m u t , l , m n  frai (iurm ’ I w e f l t s ’ t w ’ m  - \ I t etumiat imi i i  s ’m nmn ie t t  ‘, t s  ~mn iil , i t to the sn ’ it ’c i t ’, s s n i —

teiisile l i t  turn-s / I 1 ‘ . i~u I’’ it ui i l t ’ r r i ie t t  In th u point i’’ ,us l uIi ’ .’t r~ l ilt ’ i - m t  uni t mi s t ’ s n f t ’ p n s t  ~i st rong sCI ot mint ,’

t u g  ‘‘I ill ,t is n 5 t i m  s t i h( t i ’ .’d itt h u l l  st ’n i m m n  u ’’ t l e t - -rmine ii i, m i t e s  t n - t i  I’. perpeiiduet iiai to the / is is  the good
t I n , - p _ h I l t  of thi n t n , t : t i u i , - th rm ’ u ig bi t u e  ‘el, I ,m u - i ,  I Ii i’. s i g umu l  iii the s l i i , s t m t ’ i t  i ’ d  1’i’ ,’t -.lgnal in th is ’ \ dirt-c’
lu re lime n t t s t , m  m itt ’ in ’ . u r ’n ius ’ nml  w i t  hul g u ., i t s  i t m , i  l m ’ .m_ ’t .t nu i  Ii’ t ui smu ggest , m sCn ‘ ‘ l i t 1  set cmi micrm’iu .ir - tm i r e s  (mu similar

l i t )  _ i u m i l  t im i n g g u i n  j s u mmn i n l , iu  ‘ ‘s h u t s - i gu .u t i i m h, ui / i n - rylemu — mi t - t i ’s s i  w I th  pmdes in t i:, \ Ol in’ ’. t i t ’ I i  t i nt Iu I_ ti i r ’5 15 .mt utltuil
suj rcm t i t m .m t Int ,  si _ n i t - i t t  c i t i  — , - u mn itm t i ’ .’iit m r t , —  t I m — - l u , m n  liii,’ t m lii i’ is is



t- -
,
- t,

Rn’s td t i ,u l ‘iu i mmmi iii Rocks 22 X

-ç - , -. ‘ 

- 

‘
~~‘: )‘ ~~~~~~~~~

/
/ 

,

(a )  - (b)

-“ - ..
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2 I ) n , s ’: ,n n s ,i,. —’ ’ ’  : n n ’ r n u , , l n , - r I  mt pI _ tmt ~ii t i - u n , ,- t m - mu t cui i s  ,u, i It,,i~~
,,,iI I u_ m ite t t , n . ,  , , u .  t m  - n n  1 m m : - ,

~-mm u i s t ’ ime m c . r- ,u ,,,t/

- - i l u p - -S n i , - s t t , t ~’ r am iii mi ,, ruy i ,tt s I’’ ( g x t i  , sIn, , ., ’, • in u hm ,,n , ic - ,i.t f 5  , , , , .i - , , . ,I nm , in , - ml- n u n ,  h i t  ~~ ‘ 
- h. ,s’,,,i, m s u i —  n ,,mm ,1 , l , s im, ,w  t h e - - u , -  u n _ , n i , ’ m , s , ’ i  u ,,’m r, . t lsl sm. , - - 1 , 1, 1 n c s ~~ l’ i i~~

,_ , t ,~~s ’ h . n s - , n
s ieu bs i~

_ i u t i m  ~u ~~~~~ 
_
~ ~~~~~ j lhiir’ i~~iIi u . , ,- : ,, - S ,,, 1 In,, i , ’ , n, , ‘ .n,, _, mm ,, ’ uI ,, - 5.) is n , c _ , t , m s ’ ,t In lh,,i

-_ Ln i ’ ’ i t  i_ i t t  u i 1 I  i,’ ii,, / / ,i i~st ‘‘ ‘ ‘ ‘ - s ,5 - ’ , 1 i55i ,s ,_- u , I,, i- - i n .  ritttnhs’, i t t ,? n ,  ( ‘ t — i u , is t n t  t — - 4 _ .,i’ ,l
• inst i 0 In in I ii - s~ - ‘ e m -  - _ - i ,unit-mci ’ , ems - - i,’ tit i,, . ,utd “‘ i- n t mit - - I n  hi- ’ , - ~~,‘ 

cii I ‘i st i , - ‘ -i4 I. t. , p~t n m u I s

‘s n - n, ’, Hu-~,t m n , I 1 m  l it? ’  Pt 
~‘ ‘~‘ ‘ I ~ i’ ‘i i i ! l,’ , msl i tmt , n tests - ‘ im  three

ui i tmtm i a l I ~ ‘~- i u s - mus l in  muLt i  -.cts  -‘I qu ti /nc ,lt~c~ indicate
J,t , s, m u j ’ mu ~um Iii,’ ‘ I -- k tO I,,’,c i m i t m s t t s  piuii is l t  ~‘, i , ’ i ms  that the iu t r tm iret i  ms - m u s , I -: i m m ure s tend I, ’ Is m i n i ncarts

~) t m , t t  l imI t ’ Ii’?- 1 25 s , 2 .1 1 1  e t u i t  t ’~ hm huts n i l i is ) imn t i t ’ u i s  t ’ i i . t lk- i ii ’ liii ’ \ ) \ / . , mnm d )/ planes II ups 4h_ t., and
s m i l i n g  ‘ i t  u e m i t - : ,i parallel mt ’ the \ smi r tn i r t ’ ( I- i)L I I  I hi- ,l ,uunl I thIs ’ t ) Iii s p n t ~ ‘I th is  stron g Irat.-tu re anism—

tipper half mit t i m ’ .’ bs ion k is n t tm s s  hed’.h’.’it . amid two tut u i t ’ - tr m ip~ liii ’ slml1r ’t r - m , ~~ s ut n ’ ’ m  i n  sp ’iidiui~ u m s r ’ i_ tgn ’ te nsile
f t .m, ~ liii es ‘nt - lu  I r i m  ,u llel i, biestiti ng and ,ih,tt it ‘ ciii ap m m m s t ren p t  Ins ui i’ st um a l l  ,m ni_ I a lt  l imit  s f . ~ I nst ic _ ill s significant
in hi t ’ I t iw t - t hal t t hin’ h I m  k l i_ is m u ’  ‘t io’,t n,- iiesimi ti m i  is ’, I I _ mN~’ ii I h’. • t i  - ‘ i i n ’ t s u  _ m i u t s m t t , ups ms r_ mr.mik- I to \ ~, t h e
I hi-sn- ii in l i m i t ’ s biddin g — ii mm - - nest th at  s i ‘ p i t  i l l s - I \ / _ aiim] least that

R, — n u t , , 1  s t m , u m ? m l ii’.- \ t , i - _ i u i e , us m tm n - t m - r’ u m t - , w i- re nm.u it ’ .’ ‘t t ih p_ t i_ ml l e i  III ~/
n - m i  5 ;t~ n i u l i i i m s  l r i ’ n u m  i ~ i_ rim t ,’ i e l i ken r u m  the nellie , - l I it/ t rue i bis - app ane m it , imi p , isn ’ s h I  etot igated g u n t m t i s .
h, su m lane I’m it , Ip i l , i s s ’s naicli l,itts i t rmm un Ihe t h i t -  tong n’ i , m t m m  / ‘ t ’ l i m n , l , i u  in ’s t i t  s t , m l i , - n - ,  ap hiuc i -ascs mitad

l? , t r  i i m i u i  m h , i t a  mi , s tu , ’ nc ’ i ’ ,  t ; i’  -u u pe ’ .t  II ag -Ii / s i m p L ’ e s t  imp , i _ t e n  Is ss m lh i l i  the pu t ins  ut,mnieh i i m t n m m i u , m c t m i r i ’s ,nm s l
thin’ ,m hserc’.’ti r e s u d m i i  s h u , m m u n s  i t s :  i n . m s , ’ u i , i i t l s  hi ,ini o- , im ’ I t ’ i  t t t , i t i m i i  t n tne t l ae  w r i t ’ m t m s ’ . s t m p , i t n ’d

mli i  t hhi , i t n ’,~ s s i u u m ; ~ It i l  I hi,’ ,i hs- ,’.- u i,t ’s h s t _ m t ,  t u l  i t t  the Smstt m~ (.,)umm rt ,mte liii ’ _ m i ’ I s _ t u i ’ nt tong • m s e s  i_i t
resti In ,i I s t t , m m u m  is n t i m  m Ini in- mt hs the g t s ’.m tt ’si s i , i i t c ’,t n- i , i t t i s  X% ithi  utppdni’nt i~’nug t , ’ sh ort a s t u l  i m i t t ’s — 2 / )  arm,’
i i i ‘ii / , m ’ ms ’ t - i t t t - - ‘I l imi t mm ‘ 1 t i i  in -t i led sti hpsi i _ uI i ’ .’ I to \ s ssei mt t ,ml l ’, p. mi .mihel It ’  the tong g ua m boundaries I’he
i ii , m um t ’ .’n nic’.l i.mt ’ .’ pu m i t  t ; . i i  i s i s  / — i ii 

- I ‘tui t t pm i imh lc t  lit ii ien t , i t mm i i i  oh liii ’s’.- king is is . ,ms sin-wed in t t u t i i  sec ti ot i ,
Y mlii i the I’.’ _ t s t  r’ lt i ng m t i i i u i  / — 5 ’ - ii) ‘‘ . ,i c t l i u i p t e s s t X s  are st , i t i s t i ’ . ,ml l ’ ,  pmuimil l e l  I,’ hn-ttd irmg ( l’ igs 4c~iiid f)and the
‘e t i  mli i i ) sL mt l h ) a i  ~m iIn - i hum / I ittis lii’.- pu i im ’ . tp i i  uses mO thin / iilauie (1 mit 4g t I hie Im it ig i s i s  ,miid h m m n d ~mr ues t hus
resudum ~ul s t t , m t t i s  ms i t ie , is i mn s - ,t h~ \ t i s s  a in -  u m n ’ :mr I~ m,’mm u i i i t -  parat lel is’.,’ ot t hin- t t i t n - c  t i m mer  t i o t i s  m ’ t pie t n - r r n -d tens t ie
dent s ’ . it t i  \ - , i i ms l / t m , i i t m i u e  ( l i ps  4h , i_ m nm ,i sb
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I ~ . i , i 1 ’ m n  ,I, mi ,u (sir ‘~n ,. - , i  t ,i,,,tri,,i~ i t  st mmcii ttnn - ., San s ts im- ut r’ di - SI b I i i,  , n , - p I~ PeI in eqtm ,tI u,,, I,-t ’ ner hemisp here

io n i _ i t  I Shm m ,u t i u i  . , m r s  hi I i’ rn- ipt i’iic dmag r m imi -I n— ’ t i m iu l ”  mu u ~ii s n’ t s  of hc,ule,t mim _ r , ’ i T m n l , i r cs  in i -O C t  t f l ’ ’  ~ ~,,t1n- ,nu

(ii mm,,, mitals u m ’ 2(mit s&’is ,‘l , 1 , , , u ~ I,- ,.t,-I,, i i , t , i tm ,- n I,iniclt ,tc t t ’’ii ,’i ,is , , m _ - ,~t m i S  2 ’ .. 4 1 1 . ,ind c i i  per tu e . ,  m - iml,l’,mmui,,m kIm

Ormcniaumoui - 1 nm ’,m ,ibs ii , I ‘mu m scis , -I mn umcu - ,’kn,tuures i ‘ ‘n flio rr’ pa iat (c t inn .  n i h ,,, n i t -s tme m s , m u enud ‘mis set’, - ‘ I  qm i. r t /  nIt’h’i nm, ,

non ta unetlmm c 5/

ihe , - ,isC s of Iii- quart ! - e i , m i u i s  ii’.’ uaridomlv ‘u tented potential mechi~u iim ’ . mu I sln’ ten ts iii p m - t i n s , hut it t -  k now n

il- mg 5a I hus nm anisotrupuc beh m ms - m ti i m cI the rm ic k n-an that sutidukusi’ g umtuu is urn- p t e i s -r e i i t m m h i ~ In an t n m i e ’ . I  ri

be attribute d Iii a preferred c’ , s ta i lmg ta p hmc orientation exp e im t t i : - u t t ~m h t ~ de li,trmi’d qu art! s ,t uts i ,,pn’i ep,ut n ’ s 1 2 1 1  P
cml the qt ma rt/ grams timenisclse s t h e  grains contain I I

planar mk’fr-ct’s, htivueser , t t i m t  cm iuul , t  influence thin- phy su— I ri itts ,~rmi,iut Iuir i?mli -u, ~rt iutut It,u- ti m , (m u , - t hin- I I ratios
ia i behmm s-mon of thin’ rock. ‘fh ese ar e healed microlraetui n_ s timing r ig h t  Ic t is ui’ .’ fr ,u’ .t mit m,’s urintmicc d iii t firer’ ‘ .hmi ,t rt/ ite
,miid deformation Lmnin’ltae. [he former are In nm c lt i  I es ‘.‘. mt i i — niis’ .s h\ pmim nt hm ’ , m m l t in -  w e l t ’ i m s i  si m m  cml t i c  detern iune it th i s

in mndi’ .id ima l gra ins thong which mnupur uties arc cm nen- n— mu t t ’ ’  w i t im id ‘ m u  s ’ . i ( hi I t , m n t i u t r  m m  k ’u i tu t t m m i i  and i t t toath-
trate d and aer i ‘ss w biich there has bn’n-n chin - mun ,m i rn-bond - mng direction. I I t ut m ’ s  ‘ ..u i ft oti i i- i l  to 2 f i w dli ,m tend-
ing ~~i i l m r s l i  tmui l , n - , mis ’ tl nn imn i ‘ ‘ t u , in h urt ’s mr , t ’ hsei ‘.n’t l I ht ene~ ton thin- imuv ~er ratios i t ’ ,‘‘.cut mm iung hu m, m u tes

micro fraclures hu twese r ,  mu e ,~u ictite d dttImi se l~ mint ) no s ir iente ’ .l parallel t~m bedding tile \ plan — i .  I hits obse r
s t m t t i s I m n~iii’i s i gni t me im i t  n , - t i ’ .- eu i t u ,u t l i ’ u i  of tiormais Is ’ mmd- s ’ mmt u ( m fl m itsing w ut h tb’. ms-n-rail s utn , iblr ’t m , i t i t ’ s  us cmiru ip~tre’.t
u i ’ I r u m c t u m u r ’s u t c cmim s l I-’ mg Sb) w i th  tt ie ( ‘ h im tr ’ . i ’ :ul  ( i t , u u t i t e  su ggest th at pu t in houui t nla rm es

Qu art, dn - l ’ ’ m u m i , , t m m i u i  lmt i i iel l tr ’ knmmw t t  t u ’  fi n- plau i m mt I ’ i m s  ~m I_ aug e r role in thin - li i, liii,’ i’I the q i m m i  t / n t s ’ th ,mii th in - s

ni ,u i cC f l u ia t u i ih l5  m ci mii s t m ) c ~it i m ci i s  , mt i , I un u p u r mhm ’ .’s . mire ah i iui— ito for the gt unite
dant f / i n -s i fea tu res e~ hihit mi prn’lerreit orientation such I Ii ’ , t s , m i i t ,  i/OIu i l iii ’ i se n ,tgs t i l t i  , m s t ’ m l m r  ‘ .n- It’ , i t s  lucId
t hat thn- ’, t n - mud t um lie i t  4 t n g t n - s  lt) to the beddi n g rh ane , b r  tb ’ .  ~im mii Qua rt/dc i t s  m ci thot htmtni hi’ . ss m u m ine t r s

X I ( h - mg ~i Most m if thin’ g r mm u ns n i’ i i tt ining tt&- t mc r inat io n ‘.‘. mt t i  th’.- munu m muu ii ‘ , s ’ l m ’ n i t s - i t  “ i i  kin sei l piralkl It ’
I , m i mi , :h I , us ,i/’ ,t i e~ hihit i t i u t h u u l t i u m i  s n’s I if l ctHHl It  i’ mmii i  / . m lii- i u mter uuin - m i m , t t s - ‘,i’t t m n t t ’ ,  “ i t  111 rI,’, k w i s n - l’rm ’ iut iii

k t t ,u ’ .mn hum n’. h,it t’suen t d e t m ) rni , mt umm n ha nte t i a m_ ’ ar -I .15 t he \ pl u m ’ . ,uu is h the , m s i s  i - I  p t s , t t n - s t  s,’I,i ’ .m is / — ‘- 4 

— —- ‘-‘-- - --s -— ’ — ,~~~~ -——-—-- ‘- - - — - —~~~~- — ~~~ — - -
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2 ‘.i t \i I n us~ innm n .t n ‘ ‘ I  I if P - I

k - : -  sn -C) 2ti ~m t nl ’ - 5 k ,s isr ’ n ’ ’ n u u  \ 1 tg I t  I Ii, ,u t r ’ i , t P m ’ I t , i ’  n i i m  Pt i s i , t i i t / ’ , I’,’ i i t t  ‘‘ , . I nn ig t n ’s t s  ‘ ‘ u u t hm i ee

s - l -  - s II -, is umt , im II h , ’ \ ’ m , i I iii ii I m i t  n’spcdb -I l iii mi t i t i . i ’ .  u c m t m t i m u i h s  ~ u p~ i i~tt n ml ii s’ I s t ‘I - ‘ n s m i l e d  ml isn s l u  ~ ~ n m It t ‘iii

tim ued - h m i , i i ’ / m l n  w l i m ’ . b m  ~‘~n-~~ st ’ m th u t - t i , s ~ rm ’ mmt , t i t l ’ ,  .,h um n - lie hl~ - - - n n I n m . mI  - mm s t i , ’ u i n ’ i i ’ umd e mm n~ b - - u - m I me m mc i n- h u m s -

d,u ni im m iem ‘Ii liii es i i t  -mi t  t h e  do’. i t s  p m m l  m u ,  , - m m ,  i n n ,  - . i  t Is p u t  mIl d I’ ’  ~~, I t  tip I I i i i  i,c I. , i ln , I  h - ,~ Ir ’sss.’t

s i _ t i t m i th  put ’rh ict , i s t u t ’ i n t i  s, ’ t  ml t m u n t o t u , m c u m u m  ‘ s ‘n , m I m s u , ‘ I u t  p ILl I’’ lie ~ / ~I t m :  1 ups ‘r ii m u d  u. inst

p I t m u m  , i mu” - mu t ips I ’ m  i . t l l n  I I n  - \ i i  t l m n Is . - I - I n  mg pimu m i r i l i lt  i- I i  I lie I, ‘ m uu cn Is  i s ’ -  t c m,i ie,h a m l h mint m , m m m i m  m m m , mm .m ie

a m i s i ‘i t  lu : t I ’ s  _ u sr’’_ ’ ’ im t i , m m ~ s t  , m $  flhl~ t . t t , m t t m t u i ,’5 iiic l m i u s , I  s t u c i u g t l i  i l - t h i n ’ II
2t i  lit to mime \ / piutiti ’ I . il - r, . \ s  b r  thi n ’ q m i m u t / i I e .  Lu hu i, e l e m m m c m n i s  i l u ,u t  m n i ~ l i t

I lie . m t ! n n im , mtu ’ n ‘. u I I ’ t i n  us .t hui ,ist ~mi hur mum - ru: nmi’ t i  i lu b ln i s ’mi r n ’ the m e c h u i u t c u l  ,n nti p l t s s u n . i l  pt~~i p c m n k  - ml lime

ii up le( ft, ; — i t i s ’ m n  i t t  mn -n nis t O sm dmsu l  u i t t 1 i i m u t m d r ’ ’ _ .  m i t  k c ,  ‘, . u u m , Ist si n n ’ tin ’is ’ s t m t , I u e - l  iii ,I,’ t u u l I hr ni m ’ s l  n _ - t m

- us . sui n-pu s l s  .1 m mm i t n  se ,ml um m e n - - I n  m n t i m  u t ’s i ur t ime sen t spicum ‘ mis , , n n,I um hlmm , - ml n m  I , ‘I I Inc s5 is the sn - sl im : nn - i~ I i i  , Iccd -

d im e pl u m ’  t ’ um ,’nli’.h pi’n pi’ri~im ~’ uu i _ mm t i  the / .m i_ is FIn - p_ m m - t h u g  prc’ .iui imsh ti m _ sm _ i mht ,I I )t l :  n e l e n i m e m u t s  uu i ’ mn’ s t i d , t I - , si

ten  ni ,m I~~m e , d p ~~ ’ i s  t n m . i  “ t it er ~ ‘t s  o f m i n u s  m , ’ lt ,ic u m u m e s  imicluile i p p t r e u i i  lt ing w - i i i m  ,is~- - n I n m mn 1/ t ~.u s e s . . t i t d  mm-

‘‘‘ i s m I n d p m Il e 1 n iii ’ .’ ~/ , uumth \ / pI.mmies I bin’ lst ’s u siP ii miii , t u tu l . t i  & i , n l s  n u n ,u ‘ I t  m n l m n n  - s mmmd q u m u n  1

ire ht , i i is t l i i l t u .’ mI , m l t ’ n , p  th is’ .’ i_ hi r s ’c ti o ims luir s’. much t i m e t i i , , t m ’ ’ m t  l,tnir ’ I lmue
sI ri’ c t m t ’ n t  ,, is t r ues Ii, nm \ , ) , i m t & l  / t i : ’ es / mi mi I im e’ .r’ m i t t -  I It , ,up pm tr ,’mt m l , - t m ~ ,i ‘ m n - s  - ‘I t ime , l n t t  i i i  s u m  mum ’ , us sen-mi

ee t i t ’ i l s  .m i , ~ i’qmi m s m I s ’ u , !  to t h e  ~ort 1ers - f ,, , uu hs ’ w ho’,e un t im i t i  s n n t u , ’ t i  reflect nm ’t ot i l\ lIne ,,ri m u l , u n i m , t m s  , ‘ t  thin-

t i ns ’’ i t ,  p ut _ i l l s - u t -’ Ihe t i t u s - n - sets ‘I uimutm i m m il ~ pen ps- t :  ,‘ l m ’ i t m i . i t e  m_ i i ,iun i , bit t  , m hsm m t i m ’  n i i n n ’s p t ’ n i s hmn g  Im m r n si ci m m m i

d icm t l , ur  m u m _ i  m - I n  i n tt t n ’es it s- u i— - ‘ t h em 1 , -i n i l  u iuec h, iumt c ,uI buiuuuunlm mrme s t u s h  u i , l I , mnemmu e l t i nnu.n,m t e s l  imuten s t u t m u u l  in e ,us  I is

aim s- i ’)’ s ,- , t u  im p s ~ 1 thit ’ se h u m p  - m ‘ m s  kit ut . m i ims  ns mth il p u re t i t  l - - t t p
I,’ s i t t ’ r t . i ’ m iu i  i l l - ’  ,‘l ~“ 1 m m ’  s t u t ’ i i p ls ~‘m te t i ten i  ‘ mil d
t , - ! ’ n - , I,Intuu _ i i l mm_ i s t ,/ ,u t isl p i \\ it l i t n i h hn’nim l i mu i .  ‘ li m e  t I ie~

B m m  ,u \ , im i ,fs I , ’ , , ,  m u —  s , ’ i t m e , \  im u t i ’ m i e t m m - - ,I il~m i m g t i me ~ 
, 4~ h u r e r t m ’ ’ u n  m )

1) , ~ ‘ f - m n - i n  I l iu - inl ,’,k - - I  hi, - i e i  ~s , t n m s l~ i,- ne nime u msimie s i4 m u It t s  s i m u i u n l n n , t i t t  I I , , m l  t h e  tet is u le In .m5 l i i r e ’  nu t , I um n ,  1

— ‘~1 - -1 7 1 1 t I lt  n ’ ’ u i n u t m u m s  t ut u t i iact , ’s~~- ptc t I m, - p s c m t i t  I~’ t s i m umg u,iruni,iI m ,i thr ’ \ p I, t tus  i t, - pmu i_ t i i t ’i 1’’

t m i r es . ,mn’.i ,- s l n m b it s t h u i t u  ( I m m  n um nt  n lm sutn ’ .- t .  he ’ .lsh it mm _ i t hir’ \ / pLi~ n’ mn ’ .l -ipi 5 n - .un I,’ m n - not e  thin ’ trend ‘t t Ime

i ,m n i mim , u , ’ para llel I - i  the \ ‘ I s n  I t n n  I lie ‘n I-. Is ,u n- u ,‘~~~. t p I’ure rmf li’n1_ i a i_ is , uhtuumi _ i lime \ ‘ — ~~~ ,iu m n - n t n ’  ‘ m l  i I t m _ i

l i i i - : e n , m t m m , - ,I s , mu s ist - i n e  imm t u , I i , , i t  sit un i t s i /c  ,,h,’ it l  t /  2 timm u m (,  he a umsi hi.
I t ’  7 ps i  r c i i i  i - - n ’s m i s  II - ni.i i ui e s ’ .’’ r k p r:m ut s n ,m n ’ m m ’ , t  ( r u s i m u i l m p m ,u l m mn i ll ’ m mIme s / m i m i  1/ u.u ra mns i n c  i : tmt i i t ’ uu i l~

~ii pet c e - n i  p t ’ I s n m s s t m i i i t m e  qu i t n t / o s e  t , ’ c k i i i u e n tes h / t i t i t  m l l u i s t u , , u e t l i  - \ h , i L m m 44 per n5 ’ i i l ui l ime b i , mnuc -
( r ,u, ’ t u i s ’ i i t ’  ‘2~ per cent m mmd , I m l s p. nn /~ per eeui t / .  t i t t e r -  ss ,m r k quart i  im sl t e i d spm t  ~m uu i i s  i n n  t i t i s i e l t i n  t u e - i  - II pci

s t t t i ,m I m t , - m ’  ‘.‘ i ’ n mt : mt uu r I m s  mutt 5om,’ ca lcite ei’ni ent in mm ,n- mm t  n-m i n i m u m  hem mie’ .i n u i e m , i l i , t n l u n e s  , m t n m t h n ~ i 
—

~ is~
- m n- emit

l i l t’ ’ ml i -“ps - ‘ n m e l ’ ,  J4’ . ,Isit ng is manifest bus dunmeim - ,“ mbm t hm t  Irn’sll n~t m n i ’ ’ I n . u c t n n n e s . ~ pn-~ c,’ut i  , “ um l , , m l t  n In I’ ’uii imi -
s u m _ al , m l m , ’ t u u n i n - m m t  mI tl t ’ ur i t u m l ci u m u n s  Ii m m _ i s hi. ph n , ’ t l  m m ,, n m hm mt mmeii , u e . tuid ~‘ pm_ i nu.’t it e’s hiihit m i _ it mum I.timii’ l lmmnu II’.’

‘.n t ’ l i , t i t u , t ns it h ilt ’ mi — un u t m u s  ,uiid m u I t e m s ’ ,  t t n m u i ~ t u is . I bin’ t On i  - ‘ I t  ,in 11 m m es mi n d qm m~m i Ii dcl- ‘ m m n . ’ u m ” n  I.trmmnn U mae a te  tan-

i is ii . , fm t r . m  icn l ~ i iui ~_ i t  Is hs pr~ s ’ n i i’ s , i /u i  mu t u s h ‘ i s n ’t - sh ,tm l m it m , ’ mi u n ’sh l b  si ~,I t

p r - -s’.ths u t  i n i . i t t - ’ qn ,t r t /  m_’ t ,m i t i  u . - - u t t , i t t s  I bun -se s , mu I , , , i u s ,l , u m itult, r umul , ’ ,,p, m l u i i l i u  1, 1, m u .  I lm ~ in- l i s ts I i , m s

t n t m u t i  p t ’ t i l s  I ’  st m i , i - : , f  n i t - s t  , m t s  t , m i t m _’, n , t u , m l  I bie de t r mi , u l  t u t u — s  m t t i l t m c u .’sl 1u ,~ P’°~~ h’ ,t , Iuu im, ’ P~ 1 ’ m P t l n  i t i t i ’ si t  , u i t t t ’

q mi ~m nI I  pu t u i m s  n t i i m b , u i  s’ ’Ii~ m sf 1, ‘i m m n . m t m us n u . t n m m n ’ l i ,u e t u sh i mr ls , ml t mum ’ s t  n’sn Imi su sr ’i~ I h i s  htmh’ .i s t im Ii mn n u n s  p u i  ahiel

hn-aln’’.l t im ic u i i ln , m , n , m m - s Is i , t  s u n s  I,’si~ t u , ’s hi m , m m l m r ’mih ’ .’ s h tnt ’ .. - , ‘t iut ’r ni _ il l i t  h,’,bs l i u im _ i  \ c r t ’ u ’ . i mn g ls . blur ’ I I m u m - ’ i’s / t ’ i , i

r , ’ t m m n t m u r s s  ml , ’ t ’ / ’ s s - i  he , I  it t  tbmm n m sen i l ium mmmd in u _ - i s  t b imut  i t u O m u i ’ilce t h e  l u , m n t m m n r ’ nmmstuh i ~~i 5 i t i t ist

/~, ‘ s m , I , t ,m/ s f u  m i t t i  I Ii, m s ’ - i n iim m l st i  minis s i _ c i c  um in - mis m_ i r n- s i mm l s t m he Hu n- mgi , u um m mi ,u
tw i n e  I lit hm i - ~I set ‘ ‘ I  , l , m i m  us I t i t i t i t f~cni c,~me t , m kcuu itmuui i I / m u , u s m ’ i : u ,I,iuu t t hin- t m h t tmus t i m i t c  \ n ’l,’~ i I i _  iii ,) .m len5. U ,u

t hur I. w ,  m I- :Iu ,u,i u i - - i ‘ - I  the ~/ smut m in e  II in- h, m I ,uum, I t h e  lion s h , mt ,m t m  Our ’ hi. r n - u  ~ mi m s i s t , ’ mm e e i_ h i l i t t  u i c , m m l s  - u i m i m b , i i

s5 ’ n - ’ itd s&’ u m’ s t i - u i  , m S ‘ . m~u n- rn’ t ,u k ” n m  In -ni t I m e ni i i , I mble il ssn )nin -ti ~I,’ ui i s i tut ’  I l u s i s  ~, ilkl I i C 5 1 ~ , n t i 5 n - i %  i I he
m l u u \ 1 s i i r t , ucn - —,iiit i l , m t i ) m n - s m i n I t h u l l s ’ n e u’.s’s l’me t’.’.n-u,’ti mn ,t - ’ r  dt t)ercnc r - is that thr ’ umu t i t i t um i t t u  s e l s i m _ t t~ 2 “ m l

th mn’sn- in’ . ,- -,u ul m a t i ti i i s - m u - - u s  ‘‘lii ,’ .’. ~ I h Ibis ’ p u t c u p ib sin miii kimi sen is mm mch nu r ’tI mt 7i m ill to / i_s hcr,’ ,us t Ile n u tumm u tm um um

‘s  s In i - t i m  t Im- .’ 1/ n it ’ art ’ mutt mu , - tt n - lmtl p m , ‘n ;n i ” I th mm n ,n u. ,miiip i t t m mdi  s t m _ ’ ’ i . n l c’ ‘mur m s / e s  sit u t h m / Otheu w use time Isi amme s

tb tu ms ’ .’ I m ,, tn t the \ I n m ’ i c  s u u p n - ,- s t  uri p ,u son ic’.’. li mit highr’r - ‘I lmmg lm r’st m m m d lm m’ .it ,’st s ,  /,i s i t ’, b u t m _ d i s ’sl ~uiuil l o w e s t  anmp h-

,i, ’ m,’ un ’e -f I t , ’ i u m m ’ m _ ’s - i m n - m t m  1mm I / m s  i ’ m m i t , i 21 t u i m i p m u t t m n - i e  ol Im i s ln ’ , mmtr l  the \ /  I’I t m t u mi n ’wi t hmmn 21) oi hcmnp p .mia ll n- l

t Ime i _ s i  - mt _ n prmnei~uil  st r , t l l i s  i i ’  iii t 5-:i st ’ u m i bls n - , ’m d the t u mt ’ .’ m i imr ’ s h i ,u tn ’ seku ci t s  is t im_ lin ed III It’ 1, bum _ i t the
c p r ’ s - t t tu ’ tm t  i~ h i m _ I t t  uu b  th ,’ ‘ ‘ii — lii mc ci i i  mn s ‘I hit , m ’ m t’t ill i t r n m d  i m i  the I ,- I , u m i i _ e anuj uhi t m idi ’s si mt.ipe s ls t ime mum ’
te i- t m n u u s / I u e  t i m u t  ~ i t u n - mi  , m s t ’ t , m m _ t e mm i e t m t , u t i m ’ m i s  u m e  m mml ~~ met un n ’dt ,ils ’ ,i tt s itu u mtu u tti us uuielmu i~” .I m t to  I. i n ’ li i hi

mi i ~ n - tn - n i t , li mi t hi t ’s - I’ - I t s  Hi sitiiil.ii q i t _ is h i  m um ts II is t i m , - ,, I thin ’ m u m l n ’t iim i’m , l i mi tr ’ i_ c i t - n i t ’ ,

- 5t e l u ” m i s i , i l u u m u m s  I - I t i e  ~ i l - i l l  , u nt t l  (t i e m u lct u i med t mt r ’ I hmc ni u i u mi t i i uu mmt  \n ’ l t ’ c mt ~ ,m umd n n - l u u u s e  , m mi m I ~htuu ’ . ir’ u n - mi  Is

.init I I - ,- h , m s i  s - I t - u t m _ ’ , t l i ’ ’ u i - . u~~~l i i i ’ c , i n l t  “ i ) i u u t  1u , m i , i l i s ’l I - ’  / ue llce ts t h r m ec i t , mn i r , u i  . m i i u s t m t t m u p %  ot thin-
\h thi u mti p tt hit ’ t i l l u n m - - I ’ s ’ i_ s ee n Ibm ’ . ’ t i _ s um s s t s  ‘‘I \ us se’.hitiim ,’ui l ,m t ‘. l’,- ,It lu i imu / \ 1- pi t h ’ .’ )  I lit m i t t s i  i u i s ’ t i u t m i ’ tm _ ’ I —

i i is ’ , t s t t i  t i n ts mu s 5t h’  mm i b is  m i m I  iii, t m _ i m - n- m m l m ’nt I i t mmt  ‘ .1m m’.’ ”, u m i t  s .i nit1 n c h a t is,’ _ mmtm ~’i t t im ~Ic ‘t im/i —_ i th p~m m .mli ’.’I u t I. smu g -

- ‘ . 1 s t  sn m m ’t ’ ’ sts tI le t i’’s i t h i i . t l  -u  , u muus  iii t l i .  tdi’ , k u i ’ .’ uf l i t  I!r ’s u , seni ’ i t t l bitt it m - i k 5 - m ‘set u I  s It - i’ .’’. ts u ui m’ .’ imte d mim _ ’,ui ’t ~m

t , i t _ uhi ~ bit t . u - i ’m - t i, - m i i ’ . . Is _ ut  ,mlh’ .’ i to  time \ / pl u m  I hi, ’ i, iu m_ ii’st i _ n’I,’r 1 m m _ s mum , )  h’u’.’mst
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I~ - ‘s t , bmm , ui ‘, n n . ~ : m l  i i i  t~ ‘~ ~ ‘ 2 ~ I

- m m _ n d i_n ‘ n d , t  ‘c , m l m uud  i b i m  i u I ,  ‘ s e n t i - ’ u t  m l  lie Is’, , ’ se t s  - ‘ I  t i u ’ t u i s i u i i e m u t a t m u ’ i u  ~, u m t , ’i u u m _ , i i m ~ i~ t,’ u m t l ~ ,‘ n n m m i  , m I m I i,’

, br ’ t n s l s  t I n t ’ tm , ’ nml ‘b t I n , n nu , I u u, - il I n . t s  m m m ’s
t i m t s u m t r t mm si I~ us - m u m , s ’ ’ ’ ’I  Ii ‘iii.’ mii i l i t  h u m ’  - n n , l , m t  it ’ ” i s

th ”s~’m - sI nil mlii n’ u. mi mi ,  i , m . m II’, I -. ‘ t  I i ’mi s ( in - i m i i i  m butt s ss ’n- t ‘ ‘ i n s
I)I’ ..( I “s s I ( ) ’\ ~~I RI-~s( I I’ .u I lln ’ss ’ , iis ’ ui m ti - i t ili _ p ’’ i u t i , t I  p i - , - i  I I , ,ns s, l - m m m  th u r ’s s r i ” , . ’

m m ’ ,lelm tm i’ t I n ,  i - n  m m m l  i i , i m s t( I lu: Ir’ b , I s i’,t I em s , l , t ls  ni_ u i— l i
I It : m n’s i s i um ,i I siu .m t m ’ I t ii 11,1,’ , i it i ’-  ‘II - ‘ I’S , i i I ’ m  mn , t i is h

I ’ m  umu t i m , — ‘ I  - ‘I l it ’ It — mit _ i I’, ‘ m m mim I _ ui m m_ - s _u m’.l m hin’ , - . m l  -‘,- ,t i n  tu e
- m I n u , , s m - mm u~ 5 r ’ I ’ , m m ’ ,  . n n i m i  i l l ,  ntu,m i ii ‘it ii hit-, Ps - - I t h u m  - -l t , m i u m e s ’ , - - m ‘ - 1 1 1 mm n - - ,.i I h in I n - ’ n i , l ’’ t ilt ln - mms i l e t H m m _ l m uies
n m ’ , i i  ( i m  m u t e  ~m ’ ’n u s m m ,, ui m , t t u . - . , t n : , I Ii, m m  ~, mtn , I s l O 1 l - ,

- - sit hieni t s t i unut  I - msl u in c 5 r~m m m Im i I -  - ii up I hi us li _ ui _ u lin ’l
I ii ’ s ’ ls~r’ ui st u t h i , ” ?  n ’ -  s l e m e r m m n m n u c  m l  t im n ,t ums n ’ tint ) ellen-I

- ‘ -‘ t n- c I’m ,utmn,l, u run - s iii t lie \ / ~si~m i n s ’ i I in- I i i  ‘u m m i mi -
I dat i , ’ n , s , m m um , nc I tess - ,i t o  n 1- : i tn - s. ,i m u , I l b s  I 1’’ i_s 1 m m  I sit u.’’ - ‘ - -

- ‘ - ir is mi te  l n , m n l n , m e  u r n , 1  i ’ m I - - .m ’ I u t t s i  ‘ m u 1 ’ .’ 1 t ,i \ ii mu _ i cl
a ~ mi , ’ :nIr ’ mb sie ‘ b Omsi mc ~ i~1 - ,uI s l m , t m u m s , t ,d s t , s ‘ii ui l t r m s t ’ t n t e  -

us i cn o umm ; u tm u t ’ .’d hs ,i s I n  I _ i mp n ’ m  i e i i t m t  n - - m i  ‘I sit up _ i s n  — II up
ti,uu , m r , m n hr us s sl I , ’  p n ’ sl u n l  l t . , , . t m m l , ’ ,mu i Is , i t r m ~ iss  m O ‘ 1 , 1 s t

. m s ;’ n’c t’ ,‘I tine u u enhmu u mm , ,mI  hel m ’ ,  m u ’ m ml r n  Ps I ‘~ , t , tm ,I
time m’ .’t msilc l i , u n t m i i i , ’s m m ’ .  s t , m t l s t m n , i l l ’ , r u mm i diut mu

It , ’ sr ’ ,‘tisl s t I m - : - I. , t ,m pm n’ seuut ,’il tin t i ne Si n ’s i m u us ‘nd isi t m n u n  -
si_ lie n i t u a rhm n im _ i  ‘ , i l a i ieb /, ii m m’ 1 , 1 . I able I)  I lii’ n - t i e -

lie ~s m i t Ii~’su,,i~h his i i ’ n l l ss t i i n-  a l t c t - t i ’ - mm mit time nU ts i l i t t i  -

- s p m ’ i i rh m u m_ i Ionic hi muns l_ i r i n ’s ,urs ’ sc , nt t e rei t  ,m lm /m iu t i p h s ,n ulm n’
- Ilu me l ire It mr t u n i c  a i im ’ ,  ~I m  “p - ,m umi t I m e s i e s h t e t i ~ ‘mi m it  t Iu ,u t - ‘ -

- - - - ~t t ,  ciuster,’’.i , mt sn m , m l i , i i t m _ i l 5 ’ s ts i  t int ’ ‘1/ cu _ ti m ’  I hius I , ’ n
Hi It 1w ’ ’  tut  thin- thumee I~ u isI i l mg s i mmen t it mns the 1 m m  mo rn - s  do I s m i —

l,is ’. t Ime I I , t n e s  ‘‘I ilur ’ lut t i g p r u u t u  h ,uuuu’ .l_ i r ies, m mm d w Iut - i m
1 m m ’  - u i  I ‘I m u l l ,  I t~- t i m _ t u t u  h’mtumi t i d,tm in’ s m i s ’ s u. m t t t ’t’.’ih so m m , - I Ii- . un is l t mu .  s s i

I’ - - mum Ii’ ,m , l - - m s u  te~ ls u m m m l u r , m m e  u m,’ m us ie ne i_ ui t h is r m t ek tensile t n , m n l u n e s  - \en , ’ u , b m n u m u i i _ . m I n e  hum n ip sii ,m U i , , - u l i t s i, ’ es

It’ li i ,, P - ni u t  I i i  ‘i i s, - I/in - I, I pl m i mit ’ II m m _ i ’. lb . n- . si : 1 muN,’ u _ m u t i u t u i t  hun’ n-s n lim ited It ‘‘flu n’Sn ’i , i sttmi ’ n - - mu m 4 ‘ ‘ 1 ,  Ib m ’ t i _ mm _ -

I t  Re l , u imse I ’ -  u Im ~ t n - sa l - n il i_ l i  , t i t i s , the t u u m cu u n , utm o mu i-i t n - m u - lure ,iiiis m ii -- i - s  e i_ i’u u t h mr suuig l t time hugh t m , muust ,~r , mn mm i u n  - I ,

‘,ml e Ii i, liuu ,’s m ti d m _ m cc d b’~ ‘ ‘ mut t  lo ,t dt mlu _ i  , , m t n  bue p re dm clesl  i i i ln ’m m . t l u t 1 t i  u ,t l ios  s u u _ i n - u .’ sl t i m i t  t . ubr i c  e len me uts h u h - i  nmm i

It - ii I u~ I _ u , n h. us hiesl  lirmn’ l ,m mn thin ’ u s smi ut u p t ism m ms ti m _ ui / I I  thin ’ I’ ’ t Im e i, i iuumms u _ uu im n ’i t h a n  gm _ mimi  ‘ , ‘ u umsl a u les m m  s iiim’is apu

P ’ s I  . ! ‘5 , ‘ , mI I  1 n -  ~t , m u I i m ’ lIesl s ,nlck hs thin ’ Item sit ,’ss tm n ’ lm h u ’ ’  cotut rm u h l n , m s l m m r e  ‘ m i s ’ i i t , m l iou i  mu hum s ‘n- k

rt s iu li u n n n ~ It’ mimt s t ip n’i ‘, s m l i , m t u  ‘‘I thin ’ p m uuu ut  i t u m s i  ‘ii t im ’ .’ hn m m ’ .’rn.uh iti th is ’ L ’ i i l t t s, thu, m u lt I ,  ‘l l,tt tUTi,’i_ _ mi t ni n’\s ,m lui—

s t , tm e ml u s ’s m d uu ,ul s l ns ’ss m s t r , t t i m l, , u uu s h 71 tIlt ’ it i 5 l t u t i ’5 wi l t  m i , ’ un I , mtuun ’ l i un ’ mm , thin ’ , - m i I~ t~ pr’s sib j s I m m u _ m r  nit ’t u ,’n- t t hai
t , m n l u i  per pe u mdie mmi ~ui u’ the inn- I Ic ,ms i d I - l l t p t e s s i i _ e  st re s s , e ’ , i m i h m t  prek’i rn -st ~‘m ut ’ mmt mu tu o nu II mm _ i s 2lu , n . , m m is h mu nit ’, are
mi , m m m l  r .mrmm h te i I’’ m I , 5  n t -7 u ”i1 plait ’ .’ I~’ I  I bin - ;‘ntuit l,’ ,i,I st i t u u i gl u _ sun mn’ nuted p m t r u U ’ .’l i - n  Ott ’ \ I p i_ unme m u s h  s,’niievu limi t
u t m .cl l p t m i ~b mm ni ’ s , t u m u i _ m i m i s i i - p r n - s s l \ e sI r  n’~~ ~~~~

. pu mim i t ’  Ie’~s sm p u mr ; u hi e i  .\ / mm miii 1/ p lu i t e s  \cum ’i s l i i u i _ i I n  these

t h e  ‘ 1 , ’ -  s t u m i t u  ml I’ s~ditug amid , m tem ist in - s ti ,‘ss i utm ul m u t tmi p 1 _ m i t _ mr ele nm r ’mul s u /s , n~’iuld n m i t t i r i b i m m m n ’ 151 tim ’ .’ s t m t ’ m m g r u n  -

, uI -’ tt n -  al l r , i , i u t  iii thin ’ j s lm i t t u  m u m u r u m u t I  1 mm th u pm mmmit  1 , - m d  t u rn- , u mus ,u i l  ‘ps pii ~m Iin - i m m  \ I

I 1mm _ ms t h e i i~’I ru m’. hi ,uls ’, ,t ts lim it mu lt I the s h m r e ’ . t i , ’ t u  -I lm ’ i t t  In s m m n u m u t , t n  s the b t , m n t u I s ’ u m i u s m i t t ’ - p \  mu t Ime (‘harcsi m mi

— np ,t m is l thin ’ ni—I i’m , w i l l  hi ,’ tn t  liii ’ s l i me tub em ic hu mhs n- p i m m i — ( i r .m uu ite ~, imuld be n’ , i mu se , l  b~ 5 m m ’  on t Um u l t ’ ot tlm r ,’r’ t u n t , u i s

let u~- mlii ’ du t ,’n it ,  mum - ‘I il, ri’s t m l i t i l  s lit ’ss tb i m m t is lm,’ m m st n l u m i - t hin’ t ’ .’s ms hmm,uI  s t i  m i t t s , t h e  t u r te ut i e d lr miim, ’w rk ,‘t te lds pmmr

~
,ni ’ss1se im i r m u m - st tm_ mi s t / n I  t i  s s t m l s  , ms n m me , us mmr e ’ . h mhm r m ’ mig hm kmnmg sit u m i m hs uuiiisi _ trm n’s, , m

the ( Im , u rcmmm m l ( i  m u —  m l us nit _ mm t h a t  th,’ t l m , Immse , I h~ inn m gi m nu m _ ular de ts ct s

t’.’nsm ht ’ i ,u n’t u mrt ’s urn ’ u n s  l m u m , - ,I ml ’’ ‘mit Ill t im  Ibm ,’ ‘I ‘I Ph _ muir ’
ml i b m — p -unit h m i ,um t is upp hue ~l s u n  m I l d tm ,‘ u t lmcu ii,, - \ mit  I “ i ,’ t u i ( lii i’ m it

ui _ is I ‘ii I , t , u l m  Om n ”,u t im  m e u i ) m i t i m i n is  tbmc , t i_ e t , t n’u s i t n’,u m n s u  I ‘.‘mmsu l e t u , mn h u e s  mum th u s rsinl, I m ’ i nun j s in ’k’i ren ti alI~ ‘~u

re s m ’ . I m u , m I e l m m n u _ i , u i mt ’ n  ,s ic, i uls ~ 
- , mt , I , nu i l , u t  t -  time m s ,’n m lii i t i m thu, i l l m n - uim , ul lst ’t hdt f lg \ 1 and ni’m u r is pir u ttlel t ,i

m pu.- tin - mitt mm ) tI’.- I i , i r l i , t es  l b  u~ I I  I m i s  m i p t ’ nu  sum ; ’ em pius- the \ / ~mnut i 17 p imu ie’ m ( h mgs ‘~th ‘.. ,munb nh \piii m psussihli’
nip mlii ’ pm i m nut  u i _ ui m i ni m i ,~- resid u u ,m l ‘stuesst’ s t Im, ’ i t t  mo m - i t  , m m u s m t u i _ t’ I , m , t m ’ m  s ti n - s , ’ t im ’ bii nm h u n ’ rn’smd u i .mI sit , imit s , ,uns b

‘ st p i ’mu m ’ . m pmm l t -ii s H ’ it mi 1 n i ’ nn mn u , hm ’s w i t h  h- mi tn ’ ,it i’st t ime m ’ ’ r ’ k t , mhr u’ .
r esmnltu ~m I ehi-u , m _ ’,, I u - - ti must thin’ m u m - i  mu m s - il i , m t m ,’ - i muir p u  s t i e s s  I Its ’ un ’smttmu , t I sli _ itii s mmmd ~umt ’’.lu’.tn’ni tra m _ t m _ mu ,’ trends m i t -

_ s i l l hi \ m m  I us In ~ , is, ’ m m i , m s  I ’ m - \h i s n ’t _shm ’ .’ui thn’ shi u u ’ .itti in I mm ,’ Lu Iu , i i i m i  t t mmm d m u m ’ m ’  p_ i rm mhl e h to / sit iii m ’ .’ s u i t

piimnt I i,u , h i i u u _ ’ us ;u , m u ,it lel Ii ’ / , m  u m r ’ u m  is i,mnuih t um t i ‘ ut i n ii in th u ’ .’ nm ’ .’t ru ,u ’ m in - umi n’st p _ i m , iil ,’i m , u lii ’.’ \ _ us ms stmc hi limit time

i t t  - ‘ I l — n h ’  Ii m, l ’ m u  S ’ s m m ’ . ,  Iii -I ’ l i,~ ‘ — I~, - ’.- uumm ~~’ ml , ,  i sst,Iu i ,,I t i , I u m s  sI ft a’, t i l t s ’s s’uiiiul s h tu mu n .i b li ’h thin’ 1” plm uu me ii p -4 _ i

s I t  minis Istrn-ssu_’st mum I n , ½ pI m it ’ .- i t s  in- m I’, ‘.‘q mm _ u l , I . isbi , ’,I mmm i i’ ‘ in t l  I m i , umhiu ig ‘~ 
i /l et t i  nit ‘ ‘ im l m i  ~t 0numt it t ’

m i t  i s t h im ’ m ml’m s’.’n ‘.n’s t , u , , t - ’ - ‘ I  in ’ s t m l m , . i I  s t i m u l i  m - ~mu lli _ tm_ austIn - ln , m rt nui n’s p mr mm ili ’l to thi n’ hun’ddmumg I .‘m~ ~ pI.m m mn ’i

n i , t nm l i , u m ml Is ‘.i_ ill time Ir is t u m i d  i n n - - - I n  - ps I bm _ u t us n t is h u m _ n _ m u se u t  tIme strm u l m g mn tluetm ne u I  Itit s plaime of nmeetmanm -

urn’n ih - -I t I n It ,, I n t l ’ s  i u u i t u m ~t it i p heui s I m m _ i / i t  m m m l , ’ t im the r a t  m _ I i s c m m n t i n u u i i t i _  Iui , m m l , l u i u , ’ u m  h i _ i _ n i _ s n  I r _ te t u m i e s  s i t otm lu i

I 1 il, mui, ’ u_ mu m he h u b s  1 , 1  ln i uuu m s (ip ’i a ‘ s i l l - m m  ‘I I l it  mis ,  - ; uu i .mhlc l  tIme \ / t i htmtis ’ u I up -4 ,m sm mi is l  Iuu in ’i, hem_anise

p um im m t im i , m mts  , m n i  tIms ~ m ib sm ’i i_ sit s t ,m i s ’ ml u s s m t h , u , u l  st u - m m i i  i , ’m I - .it i i uup — _ i i  i l ls - i (m u ½ tbi ’ .’ net i’i~ t i t s m ta ln t lun~ p m _ m i m I

I il ‘ m u ,  n - Ie uim i - m t I I m , m I m m m c  l i t  mIst ’ t t  ‘m m -I t ime bu m s i t m u n  i - u  S, n ui i i au Is pm_ m ll t I’ ‘ _ m~i inig P_ mu _ m Il n - I to I s t t m muim ,I t m_’st i i t

m n m m ’ ~t ’ i t m u p s  i re m i s  k u t iu t  m l  Ii- ‘ i i i, i t _ i n uu _ ’, m mms hut - u s , us u n , ’ ts ’,i — iii l i _ u s  t i t u s ’s ,,m i , i l In ’h I ’ m t i m , i” ‘ I m u m s ’ lsn’n’mm i m s ’ .’ lI m it th in- mit t

I u m n n’ I t i m  I n’m’~ j lul sn’I s ’ .’ mi s , m ,I~- I - -~ I m i t  pimun ’ - ‘I u i m s - s h u m  mitt, ill 0 , i_i,i ‘ mi l d me s i t  ,m iiel lii ½ I liese pr— d i m_ t i m_ ui’ . mile cmi i i  r’ ’.’t

u t i - , , ’ m i u u i n u m u t ’ , the iumi ’ , m s t i t ,  i m b  m u m  m ’ hs ’ itin ’ t t t s  uh i b h mu , ’ t l m - ‘‘ mm tm i m s - t s / m I,i ,it lumiu, m ,h i i , ’ s t n , ’ i u l t ups 4h , n’ . , uumd s ih l t ut t s _ i p_ iut ,
t Im , It , , ,  t m , t , 

~u i is m ’ tu mp i_ h ;ms t t  ‘ he tim m t g ed ‘ nm s’~ t m s I h n , ’ t mm mlii’ m tbs s n ’r sn t I st , mt , - ,‘t tn’’std ti ,iI s h u n _ m s  d,’ ts ’t t uuiuis ’ti toni
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\ r i ’ , s  Is ~‘.uIls iii _ u gu i ’ i’ um mn ’ uu i i_s m Ih m t Im, ’ I n us iii,’ , t im is i i l r t u s s  \\ t im reu.’ , mm ,1 ‘ - - thin ’ I t / s i  in-, t hin i p ’ m r e n u t  l umnu g u_-u n u t  ,u ‘i’s
, m um r l t ’  t u b 1  he liii , m ’ r m t m ,u l l u mm n ’ u , t ,n ml ml - u s  i s  us mi f)i’I i _ i -  _ m In ’ m / n m _ i t e i ~ lu h i m ,  Is,- s i m l m m u m _ i  I I mm _ i s (it m u s h  u. i ~ Iliu m tIm,’
‘is,’ 151n ’ s t n , ’ ss hs ’ u I , Iu n uu ,’ b i l _ imun ’ u / m t m u , 1  min - ,m ml~ l’ , m m , m il,’i i t ’  h/mn , m u m t u m ,u’

~~ t hu rs ’ u_ i , uu , h Ii ’  i/ i,’  l , m hrm n ni - m m s m , I , ’ m lu st I b m ’ mpp . m remmt  h tm l  Ii mn m m m i , - t u n-n,is Ii ‘ mu m t hu ,  \ n mn t _ ’s n, I n u , m I  t i _ m im i  , l , m I , m
I mu p to min i  us ,’ ’ lr’q m m m s _ u lr’m i m I ’ m I ne pm m i m i  n i tmtm s l ,u m m n - s i in  I I’ mm _ i ’, i~_~ ~ , ium s l mm, hut tb ue~ ii,’ m u m  n m ’ u mmn ’ m , I s ’ s t , u t m s l

I imn ’’it’ rim~u s h’. pmmumtu ~’mulu rIi _ m ummpi mr t~mt mI in ,‘ ‘ mmli ‘ t h u g  tb n ’ .’ u. _ uhI ~ sit mlii ½ 1 pim u m me \sm _ ’ ii ti m mug i~ t i iemm m n b lu r ’m i n- _n , ‘ mm i l u m s

l t , u n ’t ur’ .’ ~u m u m s m ’ t t - u ISs t nt  is  mmm mm m ’hm m s the t s t u s m in  t i _ t n i m l t , . m s s i ’ n t  t m t  tIne I t , ni _ Iu mre , u m mus ~m t r ~ iln , is - l -- mu l ’ u l i u l

l s t m ’ b ’ m P ,tms mI - ’ um m_’ n - l , m i n m  I ’ i t m mumd,mm mu - s “ Ii , i t j ,~- , , e n n l  ml lIm , m i l u i m e t m m , , I  t m  thu s ’ u . ! i , mmm ms u /u n -  ( - u s e s  ~u m e  n , m i i s l - ’ m t m  1 m m - u  11 m m- ,-
ls ’it~ b l; u,, I I i , t 1 m - — s  i _ i t s  l i , t m u  I “

~ I’ ‘ I / in ’ I - ti m _ i m_~i , umiu I m , u I , , l i  us m m ,  l In t Imr ’,m h,’sI t iuini ’’ li i s l u n i n ’s _mt i , i  ,luim mr m /
ui _ n’ s t in-t i tu s ’ lhn’ l”n’ I ’ I im p s I n u s ’ ½ ½ i i  ti_ i s - inst t I , m iimt sln ’ I m ’ t tiht t msumi I tu i n iI , un ’ / I i t_ i  ‘111 I i n’’,I m n m u mbue , u b, ’ i m um _ u ’’

n t _ i n n s  ‘ In ’ i_s u t bu th is ’ t r , mn s ’ i l  tIm , ’ 1/” u i u m m s ’ m l u.n I~ m It usi, ’r’ s i tr u mt _ P i t n ’s t i n ’ O n ’ mn’.! ,‘tlier I _ mI n t in elem mm ,’ m m t s  - ‘I p ,ssiiiln-

ie n u ’siIn - frmur ’ Immi , ’s d- - - -s s u , u  i l - m u g  ml u, ’ ss ’ p I,uumi ’s hi~ tI m , - n t i s _ n t , m n ic , u i  s i pnit in’_ i l u nn - il- i ui, ’ I m ’ , n i u i

Im . t s t  i i i ’ s ,t lst ‘ t in - n umu _ i lm u umg m hu n ’ ½ ,‘ ‘I_ ti m e sit t i n - mm lti _ m~hit 1 p lii su u tumtiit r~ , ibm,’ U tn 1 nure u u m t s ’ I i ’ ’ i s ’ - p_ trmm ll, - h tu ‘ hsi s l -

us p_ i r t I h i’l Ii’ ½ au ,,1 , t l m ’ m t t _ ’ thin ’ 1/ ‘liii,’ ‘ s hin- it im ’ , m , I t n u u . ’ is s i i tn m _ i  mu th,’ ‘,, u t t n l’, Puu ie  ~~~~~~ n’s ps ’~ - :1  -l Iu , ut ~i m m  il l_i l mm, II,-
p _ u u _ m i in ’h to I m l  is ’ ’, - L m m m d  ill t ii t t ’ spt i i i ’ . tui u~ iu mn ig t i_ i’s to ½ / p i _ m i u t - c u l t  t i - - I  be esp lm umri e d I’ ’ time m t ’sid mu , m I s t t iu t is
n iu , mur u ’ I  il t , ’s,- Ii ’im ’ iui s’ h i , i s ’ tum i m ’s t h u  riot ‘n’ n’ u m n  i i in-s 4i_’ m m usi t im bs time tUr in  u.- i e iume t ut s  s l m , , t m s ’ ,I I he u _ ‘ s u ml u -  I -- i
II I l ium ’ s  tIme ‘ n i .  m i _ s ’ s miii , t s s t s _ ’ i , , I n ’ ,l m ’ m , mi u s , ’ m i u n , l _ u r m s - s r - - 5 k  -nI , mi u , l mm m u t t  Isn’tl ‘ . ‘ ‘ m i h t , us t  I ’  those I- t m tIm ’ p i _ m t u u i s ’
m l , ,  mm m l h~ tb u,’iii’r’ l s s ’s n - m _u n trm i l  m ime ‘i i m t’u i,m tm , ’ t , mml ’ t hin- ten— unit ) ‘ . I uma r t_’mtt ’ t ’ ’ r  mi _ hun - h l ime re si dmu ul s t m , m m l m  s I : iI,m au th
s u n ’ fu ,me tures 5 , 1 m m , ’ I ih r in - sI , u l m u mU tt ,im _ i m en- i_i, m u h  t Ine In  i s l n ’~ , m i m :s ,m tt - ps

Fhn- uuru ,’ni t _ m t m t ’ ui li _ mi tch u S  ‘‘I nun , u m : m , u i u n u / , m t  1mm _ b r ie u,~Is ’ -

mmli nm s , i l s ,  w t m m i , t h  se n- un P t’ imrnu n m .tt i’ ih~ n m  as n - i _ eu tu l ip  J I ~ 1,, t l , i mi  mif li t , l ,u, l i u ’ n -  l iu ls ” i im ’ (  I

n m m t l l ! , I I \  ,‘I, I / n ’ I r . t , t nmr i - , tuu ms ’ utr ~’ ;si_ ‘,im ,ir i ,‘ - , t \ m - s. , m In mipiulieni u, ’ n k n i u e , I m , u n u u e s  p n ’ ’ t : d t s  ~mu , hu ms i m j’ I i i i

s , u m Ii,mI uuu, ’,m st ,u, ’ , t /  . u n , s  ,u ss i t l i t ’ n ’ i t p hi~ , u i m r ’ m u t , m t i m m i i  m u l  dn’ mguu u tm u ud n’ sn , u i_ atm , in  a n u. - iu, t l ’ L mush pi m nlm ’ .ai u m m r ’t bu ,m d is

t he - n  mu i r ’  mum the r,m, k _ ur,’ n mmis!u unil s , m ru ’ . ’ mutn’sl I- mg “ il imn’i’s hs ’sl I ’ m  ,leten’t t t i p  It mn lm mr e s  mu i , ’ m ‘ m s - , l mn - tmn g m mu n - n hu nu-
ut -a r Is r u im , t t m uuu  urn- ti,’.u les l m m m i - ‘h i m _ t u r n ’ s sit mt h mi m’ m thi~ ,- _ uI tulis t i trop~ —b tIm ,’ mm ’ ,  Is u m u m uss \ Is ’ - ’ , ,- m m us sli m s i _ mm t i mut

m_ bu mm rt /  / } - i,m~. /su  ( ) nml i _  Iii ,’ q mim tr t l  t e lm i rnu mi t i imr m Imuimnelh an ’ - , kn ’ussl e s l ge m ’ I  mesudi i , i I  s t r , u mmus mmuu ni mul nr ’ t I , m i l i  , ts i ’ut,’nls 01

urn ’ n m u n - r m u m s i ,mnt t Ime s , - pi . m n ; mu elenie ruts t,’iud to lii’ m r the ta bru, n- mm _ m I t t h_ t i _ - n’ hen- it  m_m ’.n’iI Isi pin-su et n li u. li - u  m m m l .
_ m hmuut ,~ti 4o t u/u , - ½ ½ p1 _ m m ’  l i- mg ~‘e /, bit t  t h u s  a i i ismI r,i I~s Ii’ ‘- ‘ m i me s leg ien- t h ’ ’ ’ n ,’ su.-i is ’s i t l t , I st ra i i

- ‘ r m n ’uiI~t t i ’ i m t  n .m tl ‘ n ,l,’,’ s nmt ’ l  u.’ m i m u i c i s ln’ v thu t ime ‘i l u - ’  ,ui m, uis s , ’s m u d  l u / s i t, si _ murk /‘in’ \ m m u i ’ .l mIme t m m m p s m i i P  m nii,ur ’ rt ’-
i_ it ’ im , i I h i s  I n u n s ’ ,u in s - I - - ; si _ I hi’.’ s um _ mi  t / t l e  ~l- ‘,‘s t mu ’ t  n - simm s’.’ui pm’ .’ 151 nun -s ml nuie n-hi,tuu s m i  sim s , ’ , ‘iii mmmii  mI \  b’m t t b t  r n’ t)uuure
I,nmu m i s  - ‘ t hm ,’r f_t hn m i, Je nu ienm us thm mt ma~ssiliI~ tm uig hm mum , tine ‘.‘mu ilecm tsuni , m mm, l I muh , m m _ u h i ’ u  , t i ’ , i l ~~s i s  ,‘l sIin’nmu mm - ,’ u i s , iOn t
h un-net uts In ts  t im , ’ mmt u is t u t r o ps us a rr’sull neither t nethm’s i is m l t r , m n ’ t u i _ d  ht’ tuni ,u pr umiim ,it in

t nm smmn u m n i ~t r s , ii P u n  l im i t ’ , umtm s , ~i m , i b ~s i t t  the ‘ u t _ _ m i s  (‘5 ’ . pt um nl n-s e l l  it t h n’ t m ’ s i m i t s  i _ i _ t i n’ t , i tm ui l s  n s’ hi mm bbe ‘-,~i m u u,
i ) t m , m r t , u tn’  is h u m U s  n -  ‘usi ’ ,ls’i) I i_i, nI t  t i m’ .’ n ’ I ’ ssn ’ s’n -d s m u t ’ ,’ ‘‘1 m In i r’ ’u_’,t tui ’nm ‘‘I lIm e u ’ - 5  P n m u , u s s  tut i  I ns mithe t  t i , m u m s l  us

m, ’s i t ht i , i i s t r , m m m u  u ,  mui’_ t s m _ m m i’’.l by ½ - i _ u s  ‘.I ih lm , m e t uu t i m t ’ t i s  ,it mrm m t _ ’ h i s n ’. pr osm nhes ! t Im,’ s t ’ mum n’ s I- t I,, n’ , t f l  hn’’ ,isn ’,I m~ ’ prn’sh’.t
I - - n u t ’ ,‘ m , i m m ,  ui_n ’s u P - , m u u m m hii m,’ s l mle l t n m s  bin’~i shuutmi  mui ish m m m c  thin - m is s I, i i m t n , m I  p r m m pn ’ r t t n ’ s I I n - mis , ’ ii is mmmm pmu . nm ml Ii ’

‘ ‘t hun ’t’ 1’d ,iu m , m l I S tn ’ b c u i , ’ t l hi m n t u m u e  limit Ilk’ s i _ m i t  mu , ’ t  e s , u I ’ u , m t t ’ thin’ s t eu _ i t et ’ m i ss Im i , im  tI m,’ s m l t i _ ~~- ’ m t i ,  sn - I’ ’ n- it~ a n us !
, m n n - ’ m u n m l  I t  t Ime i l i u m - I  shu m i ’, in n  u I In ,i~ I n m i s ’ I i mmr _ ugn ’ _ m m m m u h _ u m , i t t u .’ m tu i , u i i , i t i  s I _ t h u  n - u ’ t  t ‘ l u b e  w i t h  t Ine mm ul t ’ n  m m t , m t m m m m  s i mm re s t—
,il ’t ii n’hn ’uim s - nt s  ,ure n’ i l lms ’n r m i - I, n m n s  u m i umm _ u 1 n ~ursu 1mu mm mt eI ~ , I n i ml s bu , muum u nit I m uh i rm n .mu i ,h tim t m _ ui mu . n-aim he tuse,l I’’ piediet

‘ i t  m , - nite s l i . - m nt l m m , n’.e time t n _ i n t u i t , ’  _ u n mm suu t t  ti ps t I m, ’ In tn t o t - n- , m u u is t ’ t t  - t
~
s’ mu thin’ I bum , ‘n’ r u ,  P

½ e l , i n u t ’, ‘ . tm t t , i  ii up ~ m l I n , u I / m n ’ ( h umm , ’ ,’,uI ( i r a m m i t e  5mw
nms ‘I nun- u , i l t , m s  11mm s’’ t i e  t’h’ t’.’hi tr’sh ui st im uli tight ’s t m ’ tIm ,’ —

h,i,, ‘a u nt u- n- I ‘ I ,u i ie \ i , i ms ’ , ’ s e u  time lm mw nun’ m u i  i_ e hmeiI~ s t ipmn s ’ s l s the
I I i ’  I - i n n -  , , u i s m ’ 1 t  t i n s  m u  t l m i ~ n m ’ c k us s t t t u i mp h i n , , u i t im u t lm ,’m,t nmun - rm i lu  , me l m u r e s  m I d  m h ’ m unmst , m nt .  I Imesn- ‘i,’,It ~ In , ims s it m t u ts ’r-

Os -.s’d unim _ - n u n mn i_ hi t ! u t u imp  ~ ~‘ s Imu , _ m m u , I  ,ll Iii . i , l l i t i m u u i  th m r ’ m n ’ prn’ t i t i ’ i t i s m m r e  m , s ’ u i m  ut , - II i~~s 71’ , ,‘ , _ mu m s l dl ,u l t im i , m i g i m muth e r
ms _ i is - m u t t ,  tin ’ s - ‘ u  th is ’ n ’ ,  /‘, i i ’  I u . m n I u , m ’ - s ,ii , t l b s ’l i,’ Ii. - ,\‘ /, i m u m t g i _ m i m m u i a r  l u l_u nm i r nls ’ It ’ s I s  s mu n ’ h t ,,s n lr - _ ts , ign ’s , _ i t i sh  s i _ s i ’

pl,mnn’ -s hin ‘ ‘ - n i  Ii’ i , in ,l s i i m l lu _’h ‘u / h u m _ i lit ’I l i _ i _ u ’  sits Im i tm iun Ianiin -lIae m i t _ u s  tb s ,u m m u hl mu , ’um ’ .r- tIme srh sm ntt i ,’ s I hi’ i_ i_ I ’

- ‘ I ~(I ,l,~,, ’, ,- m ~- Iu -_ s, ’ t ,’ m i u t l i t  l i m b , - ,1 s - m m  . u h h e t u - / t i m ‘‘ s - m I S  lmn ’hnh mml s , ’ s ’ - u  s l u m s ’s i_s uth th,’ r’.’sidua l st r ,, u i l ts sh,’ls ’n’
t tm uu ihln ’ dIm s - i’~ t hus h i , m ~ ‘ mIs ’ r ’  - - u u ,l I I,,’ ,I , m t , m  m u —  ,‘ ‘.s~’ i i t imm bls  nuu nu s ’’.h hs~ \-m u s s  i i  up l i i  1 1mm - m m i m t m i numm tii ‘.n’I’’t ’ t t  - ‘ u  il
u i h u ’ i i l is m l ‘ r ,  I mumub s  u h , i l i  h m ’ m ’mi t Im- In “ I s, - t m i s ’ un ’po rtesi h’ .’ h to / us i_s ut lu t u P1 ‘ ‘ 1  thin - asn u _ mg, - g rs - i t s ’ sm Pt mtim _ ’t pmtl

b ig. (umi I mu hic I) I u n t i l - u i ’  u ’ t i t iu i h l ’ . ’s i l ’ s  he’.Imt iump is n’i tu iu gmt l mm u mm . l i t  hi m m it  i_ n’ t m ’ s i t ’, i l m s l n - , t s s ’ s n i t t i t  t u t s m n ’ t s i t i g

- ‘ h u m , ,  ~rp ~i. ms s ’ i t ’ ’  I I ’ m  u tI n t - I i  m m i i i ’  ‘ mu us nm , , t  u in ’ t’d es l mm mi nu m ti l  si i s ’s ’ , I 
~
, t h i n ‘ -nhu t smui ’ . t  i’s lsi’n’ m thin - mti m i _ m u m  snim Inn!

I i ‘ h u ’ut uh ’itt lii h u t  mu t t ’ u_ tm , m l l m ’ m I’ - ½ / i_s Its - u i Ii m , i t i s , i  t uuuu m i n ilum nmu veltseilin ’s t n  - r , m  u s t , Is ’ i_s m mli t Im , - I~’ , ist  _t i is l ~ i m t

m m , ’ rn i , m I t I n  I ’ h m m , u . i  in ’  , u t u i s u ’ t r , u 1 u s  - - I  hn-~l~h mimm _ i  is mu i ’ m u t i u -~ t e tm u n g _ u l m u m mi s  i,’s~1s~ t i _ n -Is , p i i us iuhr ’~l lhm n ’ , - s m, I u t , m I
I mi s a h ibm ’ ,  -

‘ i ,, ,- m l mu m tin- i n s  i ’ m m m m t s  ml t m ’ i  i _ t m , t m n s  I s l u  s ’ sss ’ s i  ,i, ’ t  huh _ n ’ s t i  n ’ s s m ’ ,uei , i s s  thin ’ 1 mm —u .  n , l , mm in-s
t his’ r, ‘ , i m t , , . i l  s m m , u  i i ,I,’It ’t i umumms - ’ h Iu i_ \ -n _ i s mImI I n  - u s  I -  - ,‘ I u um ’ .’i. s I um t ’ t l i m _’I lIt ,’ sel ,’s ’ mi in - s j’,mi ills ’i It’ t i me ‘ I plauin-

ni , - t i %  ii, m u - m u  n m m i ~~,m iit ~ls - su, u t 1t t h i n- I m , m t l u u m n  _ u i i i ’ , u i t m u ~Il5 m i t ’ t in - _ m i  l~ c q m m u l  is ins ’ t hmn ’ i sm s i s tu u _ mI s t m m m i t m s  ts _ i i , iII s ’I Ii’ ½
I In - n m - tI , , 1, - I ir m l —  liii thin ’ in i t t u u ’ m ’’i t’.’ui sil n’ hu t , torn ’s , m i m t i  III mm ’ t m l  I h ums  11mm ’ s e t t s n i i s  , I _ m u , m  , t u n - iii s~t iuu mi _ ui _ i i ’ m__’u’~

m l  ips i n, lu , l _ u ~ I u ’ m h  iuu t ’ ’’ ./ m l ’  - n u t  t i  i i u i s  m l , ’ i_ s ’i t hi t I n .  ½ / mmu m - mu l sit lb thn’ t i _ ’~m dtm t l s h u n t s mlii i thus ’ m u l t i  mgi u t u m ik um
‘mI. t nun ’ t Is ’ l , , t s
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I

I Its ’ , u m t m m , i m , m t u ’ ’ m u  m m , ’ i , t m u ’ u , m i i I I l t I m ,I, ’ mel , 1 I I  I / i c I b t e e ’ s m s l n ’ u in ,  ‘ - ‘  I t Im ’  st ’r ,t u i , i , i I t  i l _ m i  t m , :  u t u i ’ , , l I , ’ ( ~ \

g i , u im m l , ’ mI s ’ ’ u n n s l u n , u l e s  m ini  ‘ h i ~~is n , u i ~~’s , t ’ n’ ,‘n is ’ i m l s ’ l mus ’, u m l \  In - b I’ ’  mlm , ’ \ / ~ I , mume \s ~ it  t I nt ’ , l i m , u I I / u t n -  thu s  m i ’ m s i t ’ h i , u n

Isn’ m l” ’• i ‘‘ I is ii i t  i I , ‘ / I I i t_ i  ~ , I n I u m _ u m l m I m i t ’  ‘ i t  t bun ‘ n- ,, ’, l ,  t sm I ,, I I m u i I n’’ u I i I I m~’ ‘s_i  mm s l’-,I’ ‘ u mn , u i n i ,i t usl ’  ‘ m i i I ~ i ‘u is ’ I i I ‘‘ ‘ I ,t m um I t I

ill I / u ,  I du ln ’s , I m ’ ’ u u  , u u n , I  t h e  ~
,,m n 1  ‘ ‘ t i n ’ s i t . m l I ’ t  t , ’  ~ sl i n- n- , ’ s l s  - n l ue n l , m l ’ i t s  ,‘I- - u i i e m m ’  n m u i _ - , l m u u i , ’ , ’ s b ’  n - - I  sen ’ m n n  n~-

_ m ml ’ ‘I hu m m s ‘ t ime i_s Iii I ‘ui_ e ,t  k , n sn- I - ‘I 15 1. ii , i i l - tn - n I m , m I n in ,t I 5h is - ‘I i~ ’ i ~ I esl si is h i .u s t ‘ - I n - I I mu r i us ~ I u ‘ , ~ ~ Ii - - ~
, ‘ - i 5 t I m  t~m ‘um mm ’

t , m n i l u i t m u i t i n - s  p Ile1 I, ’ r b ,  )/ i h i , m u m n ’ I lu , ’ m t  u’ ,u s mum , di u k  Ibim ’ u , ’ - n , b m u , m I ~~‘ m u  . m c m i t ’ !  n j t ’ h i m I s i l m l ’ l s  s i _ u t h m  i / mn
5 , ’ I i , e n u ! n t m m , ’ n t  il u i m t n - i~ ’ b ’ t , l m m I , ’ s ,, im ,m h i , ’i i ’ m  I / h i  ups 71 nu i b u , m s , m m u m c  ,I, i , m

mu , I ~l i u n ,I mIm e r , us - u s - ‘ ins n m u l m ,  u r n - - m m  ml I, mmsml , ’ I t s  I l l  i s  h i m  .u ii b i n ’ s l u ’ n , s I / m n - n  ‘ I ’ ’ m  e t lie oh m u ,m s i t — 1 u t , u in I ,  -

lcs~~l’i~s 5’m_ I ‘,mm m / i n ’i m - 1/ s i _ lu . mu m I m e  ru st s , , i - - I , n m , l , ’ - l ‘ m m  - m u t e 1’ - 1 , - I m u i s  ill s i , i i m , ’ s ‘b i l ,  I m m m i i i  b m , m s u n -  ‘s Ibm t h e

t I Ll I’ ’ / m e i_s ba um I / m m  s l l  - ‘ t i m_i  m m ,  us - ‘ In ’ ‘r’ ‘ m m  II~’i m m ’  \ I m l ’ - mm ,, m m m , ‘ n , , I , u n m  m bin s h O t ’ - I - ii m I  ,,‘I t  - i t t  S C m ’ 5 -

is t m n i t i r . m l u i s ’,I 1 in- hu h a mm ~ I u . s - p u e ~ iic t u ’ m u m s  mm ‘~,i 5ssl i - mu time th em ‘~ 
t’ l . m l m, ‘ i i

1 1 mm _ ms Ii’’ I Ii,- mIl t n i  1 ’  I Ii,- mi ll m .,’~ ‘ mum — ie l’’~ its ~u mus h t~~, mm m u m  u - i m m l i  m m _ b u m _ - s - ‘ ‘ t  lin t Is _ mm tm , u l I~ I j n ’ t n his’ .’ lu

,m t t e n ’ n m . n l n - In , l , t t u  , - ‘ t m e i , u l s ’ t i _ u , h i s  i_s Ibm t I n , ’ m , - , m , I m u ,ml  t in ’s u n i b l ’ n n ’ u m n ’ h i s  i _ e u , ’ - m i s ’ s , m u u , I  m n - l u l l s 5  , n n m n i s n m n n i Ie - t t . ,l

~ln , i un ’ i ’ u , l  ,m ~~m mc ,I , im , u  ,nm,I us s , n u - ~s ’ i i d I u n ’ n n,U i / ‘i’ u u s, ’ti m _, i n ,S s lik ’ li,ieluj m’ m m m m s m m l l , u l s t  I m u -  ~, - 5 t I , n m  t~ - - st i _ t I m ,  - u s

I’ ’ ,m r - m m m 1,15 p ‘ c m / i s  I l i ne t i m  ‘‘u ~i id m u m ’  m u Ii i n - t m~ e m u t im- suppiul t I huts e m  Sm ‘ m m ’  ‘ n t  Ii ‘ u u lie n-u m l  m i l e ,  ‘ n i l  I m n - -- r ,ud~
s, t Il ’pi- ’ s l , m mt , ” .h I,’ mI d ’ s I , m c ,un,.’, m m ,  u / i . ’ I i b ’ t m n ’ - i  m U mIme b t , f t l u u m e

- mu his’ ‘ut -nu s it , u , u i  u/tue mi l e s n - Iu m n - itin - s she li nus ’ blu e he,i - m m emn , Is - ‘n .m ~ - ‘ l i s t  it pm - - ; ‘:~ 
m u ~-~ m u  u l i e l i , t m i,i ’ e , n mus h s i  Iu, I-

d u n g  pLume \ I umunt s - - ~~m I s Is , m sm,’s ’’ m tml, mt 5 rLunme m il  s t , ’ u i s ’ \ l u m n - m t e  ‘ ‘ I” r , m u m c -  u i , ’ i u m _ i  t i n -  /s m m m u u m ’ I , m n  In- s mu m ,m ~
uuuec h l , t h u u m _ u l  m m n m s ’ t t O p i _  uuu n - b mu m , ’~l ‘ii Iii n - t Ime  ½ / 1s Lm m s ’ , I , -t n , , n , ~n I - lI me h i - i - u  ~n ’ ’ P m, ’ ’ i ishi ,  ~m ’I 5n ’ m m i d s  ‘I I/ mn- s e

I Ime n o t t n b ’ , mi m l i i _ , ’ ls I, ,’, a s s u m e .  i _ n’im ’ s t i es su m _ mm _ n - s I  hal I m ’ r m _~
l Ime i t’ , L t m m t i l , i ~~is ,ibu~~i u 4 , u m i l  mum ’  i , ’ I t ,i’ ’ t t  : s I I ’ ,n’ ,~I i/  I lie I Ins ‘~s - F n - ;s i n - sn’ I m I s  ,m ilesC ’’- m - _  hush sh ’ I’ m um t Ime nbc-

,u t lr ’m nmm , n u m - ‘ mm - l ,ut ,u c l e , u m ’ l , mus l in m l ’  I hi ,u I t Im , ’ ½ 1 1 / , u nn , I i _ n - hi i l u imm e mmu ‘I .u r n  I, m ul c t m - ‘p . m Iii - mu s s  , Ic t i  ~ ,, l u/ s ir ’ p - ,u itt

½ / mm e pm ‘ I -  i t  ui pl um s’s ‘‘I times I u , t nit ml ,I sn - u m l  t i m m u  mb ~ iii 1,1 cm li ,  i t i m _ n m ’ s k r/ mm t h i l  i_ - ‘ i  - u p i m f  i n n ’  s i  m _ m ’ - ‘ u t nsh en - i s _ i

i b  p ~et b / in ’ s, ’ u i m t n - m l ’ u e l , m t i m l t ’~ 
,u me t , ’ i m n - m _ t  mum t hin- sense muon I ’ u - - n , ’ s m s  h / n e  l n - s i l t s , m n d  : im n ’ ’ m i n , u p u i m g  1 , 1 1 t I n - .’, s i _ n - mn -

t l m , m n  l ies u , c m i t , u I n - l \  h, ’ m n - n , m s l  l ime I / n u n - n -  i m uu t tu , u l l s  pe m u t n - i i ’  ‘ l ’ t , uuui n - , l  mum hi t - - mi , m I m u m ~ ’ ” l’ / ucu is 5 , -,,, - ’ II , :

mh m , m m b , m m  I ’ h m l m e s  - ‘ I  l t , u s t n t u t ’ , t !m m s i m h n t m b s i  i t  ups 1- . m u s h  ihi , m c , u m m s t n , , m I  nmue u buu m mh pi~ ’I - u l d n  i _ i _ ill Ie m , I  I- ’ I - - se s- ’ u t i ,  t ’ I m ’ s

b i - - s s n - s~ m ulue m u m l e u , ’ t m,e t bn , m r l b m n - ubt i~m~- - n n i ~ m i . u m , t  ate n , - mm z ’c~ ’ ’ Iu tng hum ’ ss s ’u Iri l ’ s  u l I i s s , ’ s m l  ‘ 1 —1 5 t h  n- ’ I u I , i h i t U i C  i , m n l

mi -- II , , l ~,- ln - Is is m t i , nn -I u ,i n t n u i n - s  us , m u s - ’ n n ~~ns l -u I  i _ i tm lhm t h u s  hul h , ’uh i i in - ehmm m m mt n - , m l m h m s c , t m u i n n m m u m t m e s  It i _ i _ i l l  s h i l l  he - ‘tin - um l

t lm umm ses i t ,  ‘ I I  ,m bisr ’ m \ , ml m~ mi s s’ bit c h s li ,tss ,‘ss,’ u i t t , m h ls  u t ’  s n - sb l n u n ’ I / m ’ ,Is , u s u m l , m h hn- b i m us i_ n - s n- u - s m -’’ , 1,- mI lb, ilk’, Is

lm e sb  m i , m n r ’ - b n  u n l m m n n ’\ , ‘ u m h s  r m i m , I ’ ’ u i u b i _  -‘ n - ‘Ills ’ ,l hme ,i l r ’si u m u , ’ i s t t i u e  m mm l mt s m l t ,  sI ts ’s’ ,m i n l~Im ’ n h m ~~l idl 5  m _, trm ’,idcr n- sh

um ue m - - I n , i n l n u r n ,ms , ,uum t l , u p in - h - i ’ s - t I  ‘ u n - ,’ u n l , m l t ’ ’ n m  - ‘ I  s l u t  m i
tm ‘ t i  I ,m nmms ’ ll,ie i _ i _ m m  / i l t u  iii ,it I / u s ’ hi~m h ’ . l n n u e / \ I I t “si( )‘s ” i_

; ‘ Imnn ’ m l  c’ s “I’ m m m l _, /
\ Im b i t ’ uu p h ,r’ ‘ i ’  tn ’ s u, hmu , mI  s b t , m m n  - 1 , I , u  t I m  n m ’ u u l ’ i I  \ l , t i , m l  non i n - hi _ m s iu m ui s I mm iu m i st u nt s ,it u l tm ’ , u s , m m m m s  sn ’ it ’s i !~

mhh i’ ss mtb u  t ime b t m t , l m r e  , u n u i s u i n ’ l s  ml s l,ie’, m m  m gt n ’n- m, - u mlii _ , m nm h , m i i n - i t m u . i t i , i l i . r , ’ smm l mm , u I  ‘ m u on, i / s n 0 amm , I  t a n - t u r n -  mnu-
i_it him tIme u m I ~ i ‘-‘ nuts l i i, , I / n e  s s m m u t u i e l t  5 pi ,mtiu ,m s i th  thin - st~Iiti Ius mmm H I ’ 5 Ps m l ( I t , t i r n m ,t l  ( u m , u u u m l , ’ “mio Us ~) s m a m t , i t m ,

m m h l r i’ -, u ’ u mu n ‘I5ut , i m m m l ’ - , n l i i h s  t Ime  , u i t ’ ’ u u m u , u t u t ’ m u s  u n -  ‘iu ’ ul m m m i) il~ me , ,  “-, m n m , Is i ’ n , m mm — us h u h ’ s _ s

1,1 i, thi,ise ‘ m l  t Ime  - ‘ / 55 , - u s  ‘5 h i n - s u s h m u l  sIt t i l t s  m l  I mc ’ II~ h I m  I lie m m h t r m s u ’ u u m n  , I , mm , u ins  n u n , i I - ’I s , I e l t m t e ,uII platmes

u. ‘ u u , h  - hu , - -,i_ - :s n- i  mbw , t s e t , ien ’ b u u i nu ’ .m p , i l le , m - ,t n- h ’ - i t u ,’ - m ‘ m e l e i e n t i t h t ,’ iu ’muln - h u n - h u e  mum i ll th in - n  u , ’ em

t ,u s ’ m im p t ’ - s- . u m _ m ’ ‘ ! i m u i i l  r m ’ U t n u , t s s ‘ l I t  li ne L u s t Sn ’i- u7 i Ji m Iti ,i ,ss m s s ’ - - s s  sunl n us I/ m n - p u m nuh e , h i— in aue

ms i t m m m l  n / i , c u n ’, i i e s t  ,‘ I m ’ m m p , m l u ’ in  u t u m ,  ‘s ,u ~um uutI nng l~ _ i , im ,m I n- e , ’ u mu emu uc , i n t /  p u m u ha huls ,_is ’ i m n - t t~ , m ’ t t e la t i , ’ mn s
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