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ABSTRACT 

Crystal populations of three small intrusive igneous 

bodies were sampled and parameters of the volume of the 

crystals and the areas of the accessory faces {1301 [ill], 

[02$, (lOll of the crystals were determined and measured. 

These data were subjected to statistical and graphical 

analyses. The results show that not only the environment, 

but also the mode of growth of a crystal (twinned versus 

untwinned) determines the habit of the crystal and the 

extent of development of the accessory faces of the crystal. 
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INTRODUCTION 

Numerous papers and texts have been published concerning 

the growth of crystals in controlled laboratory experiments. 

Although much has been learned from these studies of simple 

systems, little is known about the crystallization of 

silicate minerals in more complex systems, of which there 

are numerous examples in nature. The main purpose of 

this project is to determine how much information on crystal 

growth in natural silicate melts (magmas) can be uncovered 

from the study of crystal populations which have weathered 

from solidified intrusive rocks. 

The most important environmental factors in laboratory 

experiments are pressure, temperature, viscosity and im¬ 

purities (particles, ions, or molecules of material different 

from the solute or solvent). In a natural system (a system 

found in nature as opposed to a laboratory system), the 

final product is all that is observed. The melt has al¬ 

ready cooled and solidified, and the temperature and pressure 

ranges through which the crystals nucleated and grew, as 

well as the viscosity changes which occurred as the magma 

solidified, are indeterminable. Impurities present a dif¬ 

ferent type of problem in a natural system. A silicate 

melt is complex, containing many more elements than are 

needed to form one mineral, in addition to crystallites 

of many substances. Therefore, to speak of impurities in 

a silicate melt Is, in general, senseless, and to try to 



-2- 

define impurities with respect to one crystallizing phase, 

much less to determine their effects on that phase, is 

virtually impossible. 

Because of these difficulties, it was necessary to 

limit this study to the crystal phase of the system. Only 

those features of crystals which could be measured with 

calipers and the micrometer ocular of a binocular micro¬ 

scope, and those features which are observable in hand 

specimen or thin section were considered. 

The crystal populations of three intrusive bodies 

were sampled, and the two most prominent portions of each 

population, untwinned crystals and crystals twinned ac¬ 

cording to the Carlsbad twin law, were selected for study. 

In two of the populations, the crystals are orthoclase; 

in the third they are sanidine. 

The parameters chosen for study were: l) length, 

width and thickness of the crystal, and 2) those faces 

which modify the form of an orthoclase crystal [ill?, (021^, 

{lO$, (l30? , and are here referred to as accessory faces. 

The untwinned portions of each of the three population 

samples were analyzed graphically and statistically with 

respect to the volume of the crystals and the areas of the 

accessory faces. They were then compared with each other. 

The twinned crystals from each population sample were 

analyzed and compared with each other and the untwinned 

crystals. The results of the analyses and the differences 

evident between the portions of each sample and among the 
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three samples were evaluated in terms of the present 

theories of crystal growth. 
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DESCRIPTIONS OP LOCALITIES 

Crystal populations from three porphyritic intrusive bodies 

were sampled for this study. The rocks are all altered to 

some extent, and the crystals have been freed from the 

matrix by weathering. The locality designated as Orogrande 

is approximately two and one half miles northwest of the 

town of Orogrande, New Mexico, in the SE|-, NW£, NW-j~, Sec. 

10, T. 22 S., R. 8 E. The dike sampled is a Tertiary 

monzonite porphyry, from 20 to 25 feet thick, intruded into 

Paleozoic limestone. The groundmass is glass which has 

been altered to chlorite and comprises about 50$ of the 

rock. The phenocrysts are plagioclase, orthoclase, com¬ 

pletely altered ferromagnesian minerals, and minor quartz. 

The orthoclase crystals collected are only slightly altered, 

and the faces are sharply defined for the most part, though 

in a few cases they have been rounded by weathering. 

The locality designated as Goodsprings is at Crystal 

Pass, southwest of the town of Goodsprings, Nevada. The 

Early Tertiary dike is about 25 feet thick and was intruded 

into Devonian limestone. It has been called a granite 

porphyry (Drugman, 1938; Hewett, 1931)> a monzonite por¬ 

phyry (Heitfett, 1958), and a syenite porphyry (Gilmour, 1961). 

The rock is badly weathered, all of the groundmass having 

been reduced to clayey material. Orthoclase crystals, 

which comprise at least half the volume of the rock, are 

fairly well preserved. Some are completely altered, while 
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others appear almost free from alteration. Upon closer 

examination, however, the corners and edges of many of 

the crystals show rounding due to weathering. A majority 

of the crystals show only the {001?, {010?, [lio] and (201? 

faces, the {201?face being very subordinate to the others. 

A small portion of the crystals display the [l3’0j, (lll3 

and {.0213 faces. The two types of crystal habits have been 

found side by side in the rock (Drugman, 1938) and are not 

characteristic of any particular portion of the dike. 

The [1013 face is nearly always rounded or absent. Only 

those crystals which displayed some of the accessory faces 

with which this study is concerned were measured from this 

population sample. 

The locality designated as Sierra Blanca is southwest 

of the town of Sierra Blanca, Texas. The sill sampled is 

the lowermost of three, intruded into Cretaceous lime¬ 

stones, which crop out on the northeast flank of Texan 

Mountain. The dike has been described as a Tertiary quartz 

latite porphyry (Ingerson, 1952) and is about 40 to 50 feet 

thick. The phenocrysts are sanidine rather than ortho- 

clase, and the accessory faces are easily observed and 

measured. Only the flOl? face, appears to be almost invariab 

ly rounded or broken. 
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PIELD AND LABORATORY TECHNIQUES 

The sampling of crystal populations weathered from 

dike rocks involved two methods. The first required the 

use of a set of four sieves two feet square with meshes 

of one, one-half, one-quarter, and one-eighth inch. 

A random sample of weathered material was placed on the 

first sieve and induced by agitation to fall through the 

nested set to the ground, where any fraction of the sample 

less than one-eighth of an inch in size was lost. In 

this manner, it was anticipated, a more representative 

size distribution would be obtained than would have been 

obtained by merely picking up crystals seen while walking 

over the outcrop. Although a small amount of material 

was collected in this way, the sieves proved to be too 

bulky for efficient use, and the method was too slow to be 

of any advantage during the short period available for 

field work. 

The most rapid method of collection, that used by the 

author, was to traverse the outcrop, picking up any free 

crystals observed. Obviously such a method must bias the 

size distribution of the sample toward the larger sizes. 

In addition to the sampling error, a natural sample bias 

is expected. It is logical to assume that the largest 

crystals would be most affected by attrition as they move 

down the slope, and the smallest crystals would be partially 

or entirely destroyed by weathering before they could be 
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removed from the matrix. Often only pieces of crystals 

were obtained. Therefore, considering both biases, the 

sample consists mainly of the middle-sized crystals. It 

is not known how Ingerson sampled the Sierra Blanca 

population. 

A further bias was introduced to all three sampled 

populations in the laboratory. All broken crystals and 

crystals with broken corners and edges were discarded, 

as were those displaying parallel and irregular inter¬ 

growths. In this way, no unusable crystals were measured, 

and any effects such as repetition of accessory faces 

and enlargement by accretion of a second crystal were 

avoided. 

Measurements of size parameters length, width and 

thickness were made in the laboratory with the use of a 

micrometer caliper. These measurements are accurate to 

the nearest 0.1 millimeter. Measurements of the accessory 

faces [ill] , {02l} , £l01} and {130} were made with the 

use of the micrometer ocular of a binocular microscope. 

The measurements are accurate to the nearest 0.01 milli¬ 

meter. 
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UNTWINNED ORTHOCLASE CRYSTALS 

Orogrande Untwinned Population Sample 

A satisfactory estimation of the volume of these 

crystals may be achieved by multiplying the length, width 

and thickness of each crystal. Measurements of length, 

width and thickness of each crystal in the untwinned 

portion of the sample were made. These parameters are 

designated A, B, and C, respectively, because of their 

approximation to the a and c axes of the crystal, and 

coincidence with the b axis. The values obtained for 

each crystal were graphed with respect to each other, and 

resulted in a tight band of points over the range of sizes 

of the parameters (graphs 1 and 2, figure 1), indicating 

that the ratios B/A, B/C, and C/A are constant throughout 

the size range of the crystals measured. Statistical 

analysis of these data, however, indicates that the lines 

\irhich best fit these points do not intercept the y-axis 

exactly at the origin, but above the origin (Table I), at 

a positive value of the B dimension, or width of the crystal. 

An explanation of this apparent anomaly is that between 

B = 0.3 cm. and B = 0, the ratios of B/A and B/C increase, 

the regression coefficient (slope of the line itfhich best 

fits the data presented) changes from linear to non-linear, 

and the line must actually curve to the origin. 

These results may indicate either that l) the rates 

of growth of the A and C dimensions with respect to the B 
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dimension are greater for small crystals than for large 

crystals, or 2) conditions within the melt changed when 

the crystals reached a certain size (somewhere between 

B = 0 and B = 0.3 cm.). 

However, as the ratios B/A, B/C, and C/A are constant 

throughout the size range measured, any one of these three 

parameters would serve as a good estimation of the volume 

of the crystal. Inasmuch as the B dimension coincides 

with the b-axis of the crystal, has the same position in 

twinned and untwinned crystals, and is easy to measure, it 

was chosen as the volume parameter for this study. Values 

for the B dimension were divided into classes and a 

cumulative frequency curve was plotted (not shown here). 

The result was neither a log normal nor a normal distri¬ 

bution. Undoubtedly, the sample bias has destroyed any 

normality inherent in the size distribution of the popula¬ 

tion. 

Three of the four accessory faces with which this study 

is concerned, [101$ , [130] , and [02$ , are developed on the 

edges of the crystal (figure 9)> and are rectangular. 

Their lengths, therefore, are essentially B, C, and A, 

respectively — parameters which have been defined as the 

volume estimates of the crystal. However, the width of 

each face provides an estimate of the areas of these faces 

not apparently dependent upon the volume of the crystal. 

The four [lllj faces are developed on the corners of 
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the crystal and assume either a triangular or rectangular 

shape, depending upon the extent of their development. 

For these faces, the area was calculated and reduced to 

one dimension by extracting the square root. This para¬ 

meter was plotted against the other one-dimensional para¬ 

meters used in this study. 

It is known that for laboratory groira crystals, each 

face of the same index does not develop at the same rate. 

This phenomenon may be the result of the attachment of 

foreign particles to the faces or the distribution of the 

solvent around the crystallizing phase (Bunn, 1949). 

When the values for each set of faces of the same index are 

averaged, the factors affecting each face are equally 

distributed among all of the faces within that set. 

For each crystal, then, the area estimates of the 

four {l30j faces, the four £021], faces, the two £LOI!> 

faces and the four llll^ faces were measured and the 

average of each set of faces was calculated. 

For each crystal, the average area parameters for 

each face were plotted against the B dimension and each 

of the average area parameters of the other faces. Cor¬ 

relation coefficients were calculated to determine vrtiether 

or not the variables on each graph were related linearly 

to each other. A linear relationship was admitted only 

if the degree of association represented by the correlation 

coefficient was greater than 95$• These calculations are 
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summarized in Table II. Linear regression coefficients 

were calculated for those variables which showed a correla¬ 

tion. These calculations and the calculations of the 

y-intercept for these graphs are summarized in Table I. 

The results of these analyses are as follows: 

1) Graph 1, figure 2. The area of the £130} face 

increases in a regular manner as the volume of the crystal 

increases throughout the size range measured. The line 

which best fits the points on this graph does not inter¬ 

cept the y-axis at the origin, but at some positive value 

for the area of the {130} face. This could mean that this 

face is present on even the very smallest crystals and 

becomes less prominent as the crystal grows, or that con¬ 

ditions within the melt changed when the crystals reached 

a certain size. 

2) Graph 2, figure 2. The area of the {ill} face 

increases in a regular manner as the volume of the crystal 

increases throughout the size range measured. The line 

which best fits the points on the graph intercepts the 

y-axis below the origin, or intercepts the x-axis at some 

positive value of B. This could mean that the {ill} face 

does not appear until the crystal reaches a certain size, 

or that conditions within the melt changed during growth 

and initiated the development of this face on the corners 

of the crystal. 

3) Graph 1, figure 3* The area of the {ill} face 

increases in a regular manner as the area of the {130} face 
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increases, throughout the size range measured. The line 

which best fits the points on this graph intercepts the 

y-axis at some positive value for the area of the {lllj 

face. This could mean that the ratio of the area of the 

{m3, face to the {130] face is larger for the small 

crystals than for the larger crystals, or that the (130} 

face does not appear until the {Lll] face is a certain 

size. However, out of the 268 crystals measured in this 

population sample, only one exhibited the {111$ face when 

the {l303 face was absent. On three crystals both faces 

were absent, while on fourteen crystals the {130] face was 

present and the {ill] face was absent. It was then hypo¬ 

thesized that the {111] face was dependent upon both the 

size of the crystal and the extent of development of the 

{130$ face. The sample was divided into two portions, 

{ill] -present and {ill] -absent, and the means of the ratio 

{130] /B for each portion were compared using a t-test 

(a test to determine whether or not the means of two portions 

of a sample are equal). The alpha risk was chosen at 

that is, as there is always the chance that one may be 

wrong, one sets a limit on how much of a chance he is 

willing to take. In the case of a 5$ alpha ri3k, one is 

willing to be wrong ten out of every one hundred times the 

population is sampled, measured and subjected to this test. 

The results of the test indicated that one could be certain, 

within the limits set by the alpha risk, that the two means 
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were not equal. In addition, the mean for the portion {ill] 

present was twice as large as the mean for [ill]-absent, 

indicating that the larger the tl30] face is with respect 

to the size of the crystal, the greater is the chance that 

the {ill] face will be present. 

Therefore, the first of the two explanations offered 

for the interception of the line at some positive value of 

{ill] is the most logical, and it may be concluded that the 

slope of the line for this graph decreases as the crystals 

become larger. 

4) The area of the [021] face increases in a regular 

manner as the volume of the crystal increases, as the area 

of the [130] face increases, as the area of the {ill] face 

increases, and as the area of the {101} face increases 

(graphs not presented in this paper). The y-intercept for 

the graph of {021] versus the B dimension is some positive 

value of [021], while the intercepts for the other three 

graphs are the origins. This may mean that conditions 

within the melt changed after the crystals reached a certain 

size, that the ratio of {021] /B decreases as the crystals 

become larger, or that the {021] face is directly dependent 

on one or all of the other faces measured. 

5) The area of the |l01] face is not related in a 

linear manner to the volume of the crystal, but does in¬ 

crease in a regular manner as the areas of the {130], [ill] 

and [021] faces increase (graphs not presented in this paper) 
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The y-intercept Is negative for the graphs of [l30j versus 

{lOl} and [ill] versus {101} , but it is the origin for 

the graph of {021} versus [10]}. Therefore, {lOl} cannot 

be related directly to [021} or it would have the same 

relationship with the other two faces as the [021^ face 

has. 

The exact relationships of the [021} and {101} faces 

with the other variables cannot be determined within the 

limits of this study, because of insufficient data in some 

cases, and because, where sufficient data were obtained, 

no regularity was apparent in their correlation with any 

of the other variables measured. 

An attempt was made to relate the development of the 

[021] face and the {101} face to the shape of the crystal. 

It was hypothesized that as a crystal approaches a cubic 

shape, the accessory faces become more prominent. A value 

for the cubicity index, C.I., was calculated for each 

crystal, using the formula: la-bl r \a-c\ * \b-cl _ C.I. 
a+b+c 

Examination of this function indicates that as C.I. 

approaches zero the crystal approaches a cube in form; 

as C.I. approaches one the crystal approaches a two- 

dimensional form; and as C.I. approaches two the crystal 

approaches a one-dimensional form. Graphs of the cubicity 

index versus the values of the {021} and {101} faces yielded 

no observable correlation (graphs not presented in this 

paper). 
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The £021$ and £l01^ faces will not be discussed in 

any further detail in this paper but will be referred 

to in order to emphasize differences among the populations 

sampled and the differences among the groups of Carlsbad 

twinned crystals. The data obtained concerning these faces 

are summarized in Tables I, II and III. 

It has been shown, for the untwinned crystals of the 

Orogrande population sample, thats l) the volume of the 

crystals increases linearly throughout the size range 

measured, although this relationship may not hold for 

the very small crystals not sampled; 2) the area of the 

{l30j face increases linearly as the volume increases, 

throughout the size range measured, although this relation¬ 

ship may not hold for the very small crystals not sampled; 

3) the presence of the {ill} face is dependent upon both 

the volume of the crystal and the extent of development 

of the [130} face. 

Goodsprings and Sierra Blanca Untwinned Population Samples 

Two additional populations were sampled in this study 

in order to determine whether the relationships observed 

in the Orogrande sample were related to that particular 

environment or were actually indicative of how an untwinned 

crystal grows. For the Goodsprings sample, the leqgth of 

the crystals was measured at the juncture of the £110} faces, 

as the (201} face is either very small or absent. The 

length of crystals in this group is therefore designated 



as A1, but the other parameters of the Goodsprings and 

Sierra Blanca samples are the same as those determined 

for the Orogrande sample. These data were subjected to 

the same graphical and statistical analyses as those for 

the Orogrande sample, and the calculations are summarized 

in Tables I and II. 

The results of the analyses of the untwinned portion 

of the Goodsprings population sample are as followss 

1) The B dimension increases linearly as the A' and 

C dimensions increase throughout the size range of the 

crystals measured (graphs 3 and 4, figure 1), The y- 

intercept of the line which best fits the data presented 

is a positive value of B rather than the origin, similar 

to the relationship observed in the Orogrande crystals. 

2) There is no evidence of a linear correlation be¬ 

tween the area of the (l30^ face and the volume of the 

crystal or between the area of the £L1T$ face and the 

volume of the crystal (graphs 2 and 3» figure 2). This 

may mean that the relationship observed in the Orogrande 

sample is fortuitous and dependent upon the particular 

environment in which these crystals were grown, rather 

than being an indication of how an untwinned crystal grows 

in the general case. 

3) The area of the illl^ face increases in a regular 

manner as the area of the {130] face increases (graph 2, 

figure 3). The y-intercept of the line which best fits 
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the data presented is some positive value of the area of 

the face, instead of the origin. This is similar to 

the relationship observed in the Orogrande crystals. 

However, of the 100 crystals measured, the £illj face 

was absent only once when the £l30^ face was present^ 

both faces were absent from six of the crystals, and on 

fifteen of the crystals the {lll^ face was present and 

the $130^ face was absent. These observations indicated 

that the appearance of the £l30j face was dependent upon 

the area of the {lll^, face, rather than the reverse. 

This sample was divided into two groups based on the 

presence or absence of the &30I face. A t-test was per¬ 

formed to determine whether or not the means of the ratio 

[lll^/B were different for each group. The alpha risk was 

chosen at 5<fo, and the test indicated that the means were 

different. In the Goodsprings sample, therefore, it is 

concluded that the presence of the [l30} face is dependent 

upon the volume of the crystal and the extent of develop¬ 

ment of the (lll^ face. This is the reverse of the relation¬ 

ship among the crystals of the Orogrande sample, where the 

presence of the $.11^ face was dependent upon the volume 

of the crystal and the extent of development of the [130} 

face. This may mean that the relative importance among 

these three parameters (volume, area of the [l30] face 

and the area of the fill] face) is dependent upon the 

environment in which crystal is grown, rather than an in¬ 

dication of how an untwinned crystal grows generally. 
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The results of the analyses of the untwinned crystals 

of the Sierra Blanca population sample are similar to 

those of the Orogrande population sample. The same linear 

relationships are apparent among the volume of the crystal, 

the area of the {130} face and the area of the [ill! face. 

The y-intercept of the line which best fits the graph of 

the B dimension versus the A dimension is a positive value 

of A rather than B as in the Orogrande sample. The same 

is true of the graph of the area of the -fl30j face versus 

the B dimension. This may indicate an increase in slope 

from the small crystals to the larger ones in both instances, 

instead of the decrease postulated for the Orogrande sample. 

In addition, it was possible to divide the untwinned 

crystals from the Sierra Blanca sample into two groups, 

one collected from the top of the sill and one collected 

from the middle of the sill. Each of these groups was 

analyzed and it was discovered that while the slopes of 

the lines which best fit the data were the same for the 

crystals of both groups in the graphs of the B dimension 

versus the A dimension, the B dimension versus the C 

dimension, and the area of the fl30j face versus the 

volume of the crystal, the y-intercepts of each group itfere 

different from each other. In each case, the y-intercept 

of the group from the middle of the sill was farther from 

the origin than the y-intercept for the group from the top 

of the sill. This may mean that the change in slope for 
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each line occurred after the crystals of each group 

reached different sizes, or that the slope changed at dif¬ 

ferent rates before they were eventually equalized. These 

results indicate a real difference between the crystals 

from the top of the sill and the crystals from the middle 

of the sill, and may mean that environmental conditions 

were different in the two parts of the sill. The most 

obvious difference between the conditions in the top and 

middle of the sill is the rate of cooling of the melt, 

the top cooling more quickly than the middle. This indicates 

that the two populations sampled at Goodsprings and Oro- 

grande may represent a combination of crystals grown under 

slightly different conditions within the same melt. 

Two generalizations may be made on the basis of the 

results of the analyses of the three populations sampled. 

The first is that the size range represented in each sample 

is a growth series and not merely the result of the condi¬ 

tion of the melt just prior to solidification. This is 

substantiated by the linear relationships between the B 

dimension and the A dimension, and between the B dimension 

and the C dimension for all three populations. Also, the 

slopes for B versus A for the two parts of the Sierra 

Blanca population are identical, as are the slopes for the 

lines calculated for B versus C, though the y-intercepts 

are different in each case. Though the growth series may 

not be simple, but a combination of more than one, each 

component is probably a simple growth series throughout 
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the size range of the crystals measured. 

The second generalization is based upon the differences 

among the three populations in slope and y-intercept of 

all the variables, and the extent of correlation of the 

variables (summarized in Table I). For example, although 

the rate of increase of B with respect to A is constant 

for each population sampled, the rates of increase are dif¬ 

ferent, as indicated by the differences in slopes. The 

shape of the crystals and the extent of development of the 

accessory faces is different for each population (figure 

10). The most obvious conclusion is that these differences 

are the result of differences in environments among the 

three melt systems. 

Although it is impossible to determine quantitatively 

the environment represented by the natural silicate melts 

studied, relative differences between one body of rock and 

another can be observed and related to environment. A 

difference in cooling history between the sill at Sierra 

Blanca and the dikes at Goodsprings and Orogrande is re¬ 

flected in the occurrence of sanidine at Sierra Blanca and 

orthoclase at Orogrande and Goodsprings. Sanidine is a 

high-temperature form of (K^NajAlSi^Og, and is not as well 

ordered internally with respect to aluminum and silicon 

as is orthoclase, a lower temperature form with the same 

composition. It is obvious that a rock containing sanidine 

cooled more rapidly than one containing orthoclase. 
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Experimental evidence also indicates that differences 

in environment do affect the habit of crystals. In 

laboratory experiments performed with substances such as 

borax, potassium sulphate and ammonium perchlorate, 

a crystal grown under conditions as nearly perfect as 

possible (controlled temperature and circulation of the 

solution, absence of impurities) will assume one habit, 

while that same substance will exhibit differences in 

crystal habit such as: 1) change in proportion of length, 

width and thickness, 2) the appearance of modifying faces, 

or 3) an increased prominence of modifying faces, upon 

addition of a certain dyestuff to the solution in which 

the crystal is growing. Different dyes produce different 

effects on the same substance. The best theory presented 

to explain these phenomena is that molecules of dye become 

oriented and fixed on a normally rapidly growing portion 

of the crystal, such as a corner or an edge, and slow the 

relative growth rate of that particular portion of the 

crystal, thus causing a face to appear (Buckley, 1949). 

The observations made on the untwinned crystals of 

the Orogrande, Goodsprings, and Sierra Blanca population 

samples indicate the following relationships among growing, 

untwinned crystals: 

1) The rate of increase of the volume of a crystal is 

constant for the larger crystals, although it may be dif¬ 

ferent for the very small crystals which were not measured. 
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2) The environment probably controls the extent of 

development of the crystal in any one direction. 

3) The environment in which a crystal grows probably 

controls the relationships among the accessory faces of 

the crystal and the extent of development of those faces. 
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TWINNED CRYSTALS 

The Carlsbad twinned portions of the crystal popula¬ 

tion samples from Orogrande, Goodsprings, and Sierra Blanca 

were also measured to determine what effects twinning 

according to this law has on the development of the crystal 

and on the development of the accessory faces. 

In dealing with the twinned portion of the Orogrande 

crystal population, the length and width of the twinned 

crystals were designated as A' and C, because measure¬ 

ments of the former were made at the juncture of the [lio] 

faces instead of the surface of the [201^ face, as in the 

untwinned crystals; and the measurements of the latter 

were made at the intersection of the {00l] faces of the 

two portions of the twin, instead of the surface of the 

{001} face. The B dimension remained the same and was 

retained as the size parameter of the crystal. The acces¬ 

sory faces were treated in the same manner as for the 

untwinned crystals. 

It was hypothesized by J. L. Carter and T. W. Donnelly 

(personal communication) that the Carlsbad twins show a 

development of the juncture between the two portions of 

the crystal from the simple contact type, in which the 

(OlOj face is the twin plane, to the more complex penetra¬ 

tion type, in which the c-axis is still the twin axis, 

but no simple plane can be defined as the twin plane 

(figure ll). Crystals representative of the developmental 
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stages were selected and sketched (figure 12). Group V 

is the simple contact twin; In group IV, the twin join 

has two kinks at either end where the (20ll face has 

developed incipiently; in group III the twin join has 

begun to extend in the direction parallel to the b-axis; 

group II shows a definite parallelism of a portion of the 

twin join to the direction of the b-axis, and the kinks 

at the intersection of the (20lj face and the {00l3 face 

have become more pronounced; in group I these kinks have 

smoothed out somewhat, and the fc)Oi?s face of one half of 

the crystal no longer penetrates the (201^ face of the 

other half. 

Two methods were used to establish the value of the 

above hypothesis. First, the twinned portion of the sample 

was divided into the representative groups. The majority 

of the crystals showed unequal development of the twin join 

from one end to the other. In these cases, the end showing 

the most development of the juncture indicated the group 

in which the crystal was placed. No crystals were placed 

in group V. The four remaining groups were graphed in¬ 

dividually with respecte to the five parameters measured 

for each crystal. The results were as follows! 

1) Each group showed a linear relationship between 

A', B and C' (figures 4 and 5). 

2) Each group showed a linear relationship between 

the B dimension and ll30? , and between the B dimension and 

{ill} (figures 6 and 7)* 
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3) Each group showed a linear relationship between 

{l30^ and (11$ (figure 8). 

The most interesting results, however, were the dif¬ 

ferences observed among the groups in each series of graphs. 

These are summarized in Table III, and figures 4 through 8, 

Although there are no regular differences among slope and/or 

y-intercept for the graph B versus A' for groups I through 

IV, the graphs of B versus C' and the graphs of the acces¬ 

sory faces versus each other and the volume of the crystal 

appear to be gradational from one group to the next. Thus, 

these series of graphs indicate some regular change from 

group to group of the twinned population, suggesting that 

development from contact to penetration Carlsbad twinning 

may occur. However, these results do not necessitate such 

a development. These relationships may exist among the twin 

types without any developmental connection. 

The second method used to test the hypothesis was 

the sectioning of a single penetration twin (Plate I). 

Thin sections were cut perpendicular to the direction of 

the c-axis of the crystal. A development from the rela¬ 

tively straight juncture of the contact twin to the complex 

juncture of the penetration twin is observable from the 

center of the thin section cut from the center of the 

crystal to the photograph of the top of the crystal. 

Of course, this in no way nullifies the possibility 

that the development could be reversed in some crystals. 

Neither does it indicate that the development has to take 
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place. For example, the smallest twin measured (B dimension 

1.3 mm.) is in group II. This crystal might conceivably 

have nucleated as a penetration twin. 

However, the results of the analyses of the' twinned 

portion of the Orogrande sample do indicate that variations 

in crystal habit may occur within the same environment. 

It is hypothesized that these variations are connected 

with the development of the twin join and are not environ¬ 

mental. 

It is possible that the differences in the ratio of 

the B dimension to the Ar dimension of the groups of twins 

may be explained by the relative growth rates of the 

various faces, which are developed to different extents in 

these groups. The elongation of the twin parallel to the 

c-axis becomes relatively less as the twin join becomes 

more complex. In addition, the $201] faces become more 

prominent, while the {ill} faces become less prominent as 

the twin join becomes more complex. Not enough is known 

concerning the reticular densities of these two faces to 

state that they are the controlling factors which determine 

the rate of growth of the ends of the crystal as compared 

with the sides, but it appears as though they may be. 

The twinned portion of the Goodsprings sample differs 

from that of the Orogrande sample in that the twins are 

almost all of the Orogrande group I type. The other groups 

are rare or may be absent. Only one crystal of the group 
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III type was found in the 75 Carlsbad twins collected. 

There are three distinct Carlsbad twin habits present 

(Drugman, 1938, p. 4) (figure 13)* In Drugman's type A 

both halves of the twin are developed equally, and there 

is no pronounced elongation of the two halves parallel to 

the c-axis. In his type B both halves are developed 

equally, but pronounced elongation parallel to the c-axis 

is evident. In his type C one half is better developed 

than the other, but there is no elongation parallel to the 

c-axis in either half. The one group HI twin observed 

in this sample was of the Drugman’s B type. 

The crystals from the Goodsprings locality throw some 

doubt upon the growth mechanism hypothesis postulated for 

the Carlsbad twin types from Orogrande. The very elongated 

type B and the short type A crystals are both of the 

Orogrande group I type. It is possible that types A and C 

represent twinning of crystals which were fairly well 

developed when they came into contact with each other in 

the orientation which allowed twinning. Type B may be 

the result of two crystal nuclei in contact in the proper 

twin orientation. A thin section from the center of a 

type A crystal was made perpendicular to the c-axis 

(figure 14), which seems to substantiate the idea that 

at least one of the halves of the crystal was fairly large 

when the crystal twinned, possibly by means of a nucleus 

attached to the large crystal in the proper orientation for 
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twinning. 

Very little data on the twinned crystals from Sierra 

Blanca were obtained. The results of analyses of these 

data are inconclusive, and therefore not presented in this 

paper. 
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CONCLUSIONS 

The conclusions which may be drawn from this study 

and from related experimental evidence are as follows: 

1) The dimensions of an untwinned crystal increase 

linearly during growth for the larger crystals, although 

they probably do not in the very small sizes. 

2) A crystal twinned according to the Carlsbad twin 

law may develop from a simple contact type into the more 

complex penetration type. 

3) The rate of increase of the volume of a crystal 

twinned according to the Carlsbad law may not be constant 

throughout the'growth and development of the crystal, but 

may change as the twin join changes. 

4) The environment and the mode of growth (twinned 

versus untwinned) of a crystal both control the extent of 

development of the crystal in any particular direction, 

and control the relationships among, and the extent of 

development of, the accessory faces of the crystal. 
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TABLE II 

CORRELATION COEFFICIENTS 

Population Sample Variables Number of 
Crystals 

Linear 
Correlation 

Untwinned Crystals 1  95$ or greater 

Orogrande 

Goodsprings 

Sierra Blanca 
(crystals from 
the top of the 
sill) 

Sierra Blanca 
(Crystals from 
the middle of 
the sill) 

A B 4o8 
B C 408 
B 130 264 
B 111 264 
130 111 248 
B 021 248 
111 021 248 
130 021 248 
B 101 248 
130 101 248 
111 101 248 
021 101 248 

B A' 88 
B c 88 
B 130 76 
B 111 77 
130 111 65 

B A 47 
B c 47 
B 130 37 
B 111 46 
130 111 36 
B 021 28 
130 021 24 
111 021 28 

B A 44 
B c 44 
B 130 26 
B 111 39 
130 111 21 
B 021 16 
130 021 13 
111 021 14 

significant 
significant 
significant 
significant 
significant 
significant 
significant 
significant 

not significant 
significant 
significant 
significant 

significant 
significant 

not significant 
not significant 

significant 

significant 
significant 
significant 
significant 
significant 

not significant 
significant 
significant 

significant 
significant 
significant 
significant 
significant 

not significant 
significant 

not significant 
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Table II (Continued) 

Population Sample Variables Number of Linear 
Crystals Correlation 

tinned Crystals * y  95$ or greater 

Orogrande Group I 

Orogrande Group II 

Orogrande Group 
III 

B A' 25 
B C' 25 
B 130 25 
B 111 25 
130 111 25 
B 021 25 
130 021 25 
111 021 25 
B 101 21 
130 101 21 
111 101 21 
021 101 21 

B A' 103 
B C' 103 
B 130 103 
B 111 103 
130 111 103 
B 021 94 
130 021 94 
111 021 94 
B 101 87 
130 101 8? 
111 101 87 
021 101 79 

B A * 43 
B C‘ 43 
B 130 43 
B 111 43 
130 111 43 
B 021 39 
130 021 39 
111 021 39 
B 101 34 
130 101 34 
111 101 34 
021 101 31 

significant 
significant 
significant 
significant 
significant 

not significant 
not significant 
not significant 
not significant 
not significant 
not significant 

significant 

significant 
significant 
significant 
significant 
significant 

not significant 
significant 
significant 

not significant 
not significant 

significant 
significant 

significant 
significant 
significant 
significant 
significant 

not significant 
significant 
significant 

not significant 
not significant 
not significant 
not significant 
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Table II (Continued) 

Population Sample Variables Number of 
Crystals 

Linear 
Correlation 

Twinned Crystals X   3L _ 95$ or greater 

Orogrande Group IV B A' 34 significant 
B C' 34 significant 
B 130 34 significant 
B 111 34 significant 
130 111 34 significant 
B 021 33 not significant 
130 021 33 significant 
111 021 33 not significant 
B 101 23 significant 
130 101 23 not significant 
111 101 23 not significant 
021 101 23 not significant 
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TABLE III 

OROGRANDE TWINNED CRYSTALS 

Graph Group Relationship Regression 
Coefficient 

Intercept 

B vs, A' I linear 0.61 0.02 
II linear 0.47 1.43 

III linear O.65 -0.49 
IV linear 0.57 -0.06 

B vs. C1 I linear 0.50 0.11 
II linear 0.41 -0.18 

III linear 0.28 0.42 
IV linear 0.29 -0.27 

130 vs, B I linear 0.03 0.25 
II linear 0.04 0.20 

III linear 0.10 0.04 
IV linear 0.10 0.01 

111 vs. B I linear 0.11 0.46 
II linear 0.18 0.55 

III linear 0.30 0.70 
IV linear 0.59 -0.17 

111 vs. 130 I linear 2.59 0.11 
II linear 1.17 1.12 

III linear 1.36 1.44 
IV linear 1.72 1.56 

021 vs, B I * 
II 

III * 
IV * 

021 vs. 130 I bi¬ 
II linear 0.24 -0.01 

III linear 0.25 0.01 
IV linear 0.30 0 

021 vs. Ill I bi¬ 
II linear 0.08 -0.03 
III linear 0.09 -0.06 
IV * 
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Table III (Continued) 

Graph Group Relationships Regression 
Coefficient 

Intercept 

101 vs. B I 
II * 

III * 

IV linear 0;98 -3.65 

101 vs. 130 I * 

II 
III & 

IV * 

101 vs. Ill I ■r . 

II linear 0.29 -0.25 
III * 

IV 

021 vs. 101 I linear Oi 09 0.05 
II linear 0.16 0,05 

III 
IV * 

* Correlation coefficient not significant 



FIGURE 1 

Graphs of B versus A, and B versus C for 

the untwinned crystals sampled at Orogrande, Good- 

springs, and Sierra Blanca. 
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FIGURE 2 

Graphs of the average (l30j face versus B 

and the average (111] face versus B for the untwinned 

crystals sampled at Orogrande, Goodsprings, and Sierra 

Blanca. • = top of the sill, o = middle of the sill 

at Sierra Blanca. 
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FIGURE 3 

Graphs of the average {l30j face versus the 

average {ill] face for the untwinned crystals sampled 

at Orogrande, Goodsprings, and Sierra Blanca. 

9 = top of the sill, o - middle of the sill at Sierra 

Blanca. 
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FIGURE 4 

Graphs of B versus A' of groups I through IV, 

and a graph comparing the slopes of each group for 

the twinned crystals sampled at Orogrande. 
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FIGURE 5 

Graphs of B versus C1 of groups I through IV, 

and a graph comparing the slopes of each group, for 

the tivinned crystals sampled at Orogrande. 
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FIGURE 6 

Graphs of the average [l30j face versus B of 

groups I through IV, and a graph comparing the 

slopes of each group, for the twinned crystals 

sampled at Orogrande. 
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FIGURE 7 

Graphs of the average {ill] face versus B of 

groups I through TV, and a graph comparing the slopes 

of each group for the twinned crystals sampled at 

Orogrande. 
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FIGURE 8 

Graphs of the average fill] face versus the 

average [l30] face of groups I through IV and a 

graph comparing the slopes of each group, for the 

twinned crystals sampled at Orogrande. 
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b= 010, c 
Untwinned orthoclase crystal. 

= 001, m = 110, n = 021, o = 111, x = 101, 
y = 201, = 130. 

FIGURE 9 



OROGRANDE 

GOODSPRINGS 

SIERRA BLANCA 

Comparison of aspects of untwinned crystals from 
Orogrande, Goodsprings, and Sierra Blanca, b = 010, 
c = 001, m = 110, n = 021, o = 111, x = 101, y = 201, 
z = 130. 

• FIGURE 10 



PENETRATION TWIN 

CONTACT TWIN 

Penetration and contact Carlsbad twins, b = 010, 
c = 001, m = 110, n = 021, o = 111, x = 101, y = 201, 
z = 130. -N 

FIGURE 11 



FIGURE 12 

GROUP V GROUP IV GROUP III 

✓TN 
C .0 c 

o 

o 

c 

y 

GROUP II 

GROUP I 

Sketches of Carlsbad twinned crystals, showing 
the proposed development of the twin join from 
contact (Group V) to penetration (Group I). 
Orientations looking down c axis. Dashed lines 
represent the contact of the two parts of the twin, 
c = 001, 0 = ill, y = 201. 



FIGURE 13 

y 

Three types of penetration Carlsbad twins from 
Goodsprings, according to Drugman (1938). Type A - nO 
elongation parallel to c axis, equal development of 
both halves. Type B - elongation parallel to c axis, 
equal development of both halves. Type C - nO 
elongation parallel to c axis, unequal development of • 
both halves, b = 010, c = 001, m = 110, y = 201. 



PLATE I 

Thin sections 1 through 7 cut perpendicular 

to the c-axis, Section 1 is from the center of the 

crystal, the others are cut at intervals, of 1.43 

mm. to the top of the crystal. Pigure 8 is a photo¬ 

graph of the top of the crystal. The inked lines 

approximate the twin join. 

Pigure 14 - A thin section through the center 

of a twinned crystal, type A, 

from Goodsprings. 
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