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PREFACE TO PARTS A, B ,  AND C 

Total instrumenfa! analysis of a l l  major arid most minor elements in  rocks and minerals 
can be performed by combining the X-ray emission and the neutron activation techniques. 
Recent developments in instrumentation permit us to assemble a complete X-ray emission 
and neutron activation laboratory in  a room I5 by I5  feet, with an adjoining shielded 
room 8 by 5 feet. 

In the three parts, A, B ,  and C, o f  this report, an attempt i s  made to show h e  
precision, accuracy, speed, and simpliciv of total analysis of rocks by these iwo combined 
Ful ly instrumental techniques, 

In part A, X-ray emission anolysis of seven major oxides, Na20, Mg0, Ai203, 
S i 0 2 ,  K20,  CaO, and Fe203, and two minor oxides, T i 0 2  and MnO, i s  demonstrated 
on 15 different rocks. By pressing rock-powder pellets against glass, highly reproducible 
surfaces are obtained. 

Un part 5, analysis of total oxygen by activation with fast neutrons i s  performed on 
1 1  rocks, and results are compared with equivalent oxygen calculated from the X-ray 
emission data in  Part A. For this analysis, rock powders are simply packed in plastic 
containers'. 

Part C, to be published in  the near future, w i l l  demonstrate trace element analysis 
of the same 15 rocks anaiyzed i n  Part A of this report, using X-rays and pelletized 
rock powders* 

The abi l i ty  to analyze in  minutes for practicaliy any single element in  racks or 
minerals, and to check for the equivalent oxygen, also within minutes, shortens con- 
siderably the time required to describe cxn unknown mixture or mineral, and gives an 
independent check of totals for such analysis, 
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X-RAY SPECTROGRAPHIC DEPERMINATiON OF ALL 
MAJOR OXlBES IN IGNEOUS ROCKS, AND PRECISION 

AND ACCURACY OF A DIRECT PELLETlZlMG METHOD 

ABSTRACT 

Nondestructive X-ray spectrographic determination of  S i ,  A!, Ti ,  Fe, Mg, Ca, K, 
Na, and Mn i s  performed on pressed rock powders representing fifteen different igneous 
rocks, including four andesites, two welded rhyolite tuffs, two basalts, three granites, 
one adamellite, one quartz-monzonite, one diabcrse, and one syenite. I t  i s  shown that 
by using glass discs as pads, and pressing powders under 37 microns i n  grain size at 
30,000 psi, nearly absolute precision can be achieved i n  determination of a l l  elements 
mentioned. The reproducibility of  the pellets with glossy surfaces i s  at least as good as 
the counting statistics used. The accuracy of  this analysis i s  in a l l  cases equal to the 
accuracy o f  conventional methods, and in some cases even a k t t e r  accuracy could be 
indicated. The only ossumption made in the calibration of the X-ray results i s  that the 
intensity ratios of  the rocks G-l and W-1 l ie on a straight line, which line i s  used as 
calibration curve for a l l  other rock powders. A l l  results are statistically analyzed and 
the standard deviation S, the standard error s;, the relative deviation C, and the relative 
error E calculated. Comparison o f  the statistical results with corresponding figures of 
other conventional methods shows that this X-ray method i s  superior. The method could 
be called absolute i n  terms of precision, because no fluxing, dilution, heavy absorber, 
or even weighing procedures are necessary, and the rock powder i s  analyzed as such i n  
pellet form. In terns of  accuracy i t  i s  shown to be at least as accurate as the absolute or 
other instrumental methods. A l l  calibration points group symmetrically on both sides of 
the calibration curves. Two little-understood ef.fects ore described. The biotite or the 
mica effect i s  apparently due to the relative increase of  the total mica surface i n  rock 
powders upon continued grinding. Micas oct as absorbing films influencing mainly the 
fluorescent intensities of elements present i n  them in  different ratios than in the rocks. 
This effect can be, therefore, positive or negative, diminishing or even reversing the 
regular intensity increases upon further grinding. Micar also cause elasticity effects 
offer high-pressure pressing causing some pellets !o break. These effects indicate the use 
of  different calibration curves for micaceous, argillaceous, or tuffoceous rocks. I t  i s  
shown that sodium and silica can be determined i n  plagioclase with great precision and 
good accuracy, thus permitting both X-ray diffraction work and nondestructive X-ray 
spectrographic analysis of  the same surface. 



INTRODUCTION 

X-RAY EMlSSlON ANALYSIS 

Because this publication i s  not exclusively directed at specialists i n  the field, i t  i s  
necessary to include here a brief discussion of  the fundamentals of X-ray spectrography, 

The basic principles of  X-ray spectrographic analysis were developed by physicists 
in the first two decades of this century, following the discovery of X-rays by Roentgen i n  
1895. After the relationship of  the characteristic X-ray radiation to the atomic number 
was established by Moseley, von Hevesy and other workers applied this radiotion to the 
analysis of  minerals and rocks. Concentrations of  different elements down to one part 
in one hundred thousand parts could soon be measured, and the advantages of  the method 
were demonstrated uniquely by the discovery of  the element hafnium. 

Despite a very promising and successful start, the widespread application of  X-rays 
to general chemical analysis has developed only very recently, i n  the period of approx- 
imately the last ten - fifteen yeors. This delay was caused by the high experiment01 
demands of the technique as first applied wi th demountable tubes and samples used as 
targets. The main factors which helped to make X-ray emission analysis a universal method 
were the development of: high intensity sealed X-ray tubes and stable power sources; 
highly sensitive geiger, scintillation, and proportional counters; large crystals with high 
diffracting power as dispersion media; reliable, precise ond fast electronic counting appara- 
tus and monitoring systems; and finally the development of  helium and vacuum path spectro- 
graphs. This latter development has extended the range of X-roy analysis to include light 
elements to atomic number 12 without changing the excitation. During the last three 
yeors important improvements i n  the X-roy techniques, especially valuable to a rock 
analyst, hove been achieved i n  the ultrasoft X-ray region, making possible the analysis 
of  such light elements as sodium, fluorine, oxygen, nitrogen, carbon, and baron, and 
improving considerably the intensities obtainable from such elements as magnesium, 
aluminum, silicon, phosphorous, and sulfur (Henke, 1961; 1962), 

Electromagnetic rodiation i n  the wave length region o f  approximately 100 to 0.1 
Angstroms i s  called X-rays. X-rays are of  shorter wave length than ultraviolet rays. 
Gommo rays which are utilized i n  Part B of  this report, are of  shorter wave length than 
X-rays. When we speak of the electromagnetic spectrum, the use of these terms over- 
laps to a certain degree so that we may speak, for example, of hard X-rays, meaning 
gamma rays. 

The visible part of the electromagnetic spectrum lies i n  the 4000 to 7000 Angstrom 
region. X-rays behove like visible light. They con be refracted and diffracted, and 
they show interference. Their velocity i s  that o f  light. 

X-rays ore generated when accelerated electrons collide with atoms. X-roy tubes 
have o filament and o metal target. Electrons emitted from the hot filament h i t  the 
positively charged target, producing X-rays with wove length typical of the target metal. 
These so called primary X-rays in certain cases produce fluorescence, or secondary X-rays, 
when they strike atoms o f  other elements. Th is  secondary rodiation i s  used i n  X-ray 
spectrogrophy despite the fact that i t  i s  weaker than the primary radiation, and mainly 
because i t  permits the use of  sealed X-ray tubes as excitation sources. This has become 
possible, however, only with the advances i n  counter sensitivity and electronics. 



The fluorescent X-rays behave exactly as do the primary X-rays when they collide 
with an atom. Because of their high energy they penetrate the outer electron shells and 
knock out electrons from the inner two shells, called the K and L shells, When electrons 
from other shells f i l l  the vacated positions, specific X-ray quanta of energy are emitted. 
Since there are only two electrons i n  the K shell and not more than eight electrons i n  the 
L shell, the resulting X-ray spectra consist of  only a few strong lines, characteristic of  
each element irradiated. This i s  the main advantage of the X-ray spectrographic method. 
In practice, for each element one need seldom consider more than three to four lines, and 
interferences are relatively few. Another advantage i s  the relative independence of these 
lines from the oxidation state or structural relationships of  the atom analyzed. This i s  to 
be expected, because only the inner electron shells, which do not participate i n  chemical 
reactions, are affected. These properties permit nondestructive analysis of complex 
mixtures. 

To disperse or separate the different X-ray radiations caused by different elements 
i n  the analyzed material, so called analyzer crystals are used. Here the principle of 
diffraction i s  utilized. According to Bragg's law, i f  X-rays of a certain wave length A , 
pass through a crystal with the distance d between two planes of atoms, interference 
or reinforcement w i l l  occur a t  a certain angle of  incidence 0 . This law i s  expressed 
in the fundamental equation used i n  X-ray spectrography as well as i n  diffraction: 

n A = 2d s in8 
n i s  here some integer, indicating that various orders o f  reflection occur only at specific 

8 values. I t  i s  clear from this that a goniometer or a device to change the position 
of  the crystal in respect to the incident X-ray beam i s  necessary. 

In addition to the analyzing crystal and the goniometer, electronic discrimination 
or pulse height analysis i s  used i n  X-ray spectrography to help separate characteristic 
lines which occur extremely close to each other i n  the electromagnetic spectrum. These 
are devices which can be set to accept for counting only pulses with a certain amplitude 
distribution, cancelling al l  other pulses. 

Minimum requirements of equipment necessary for X-ray spectrographic analysis from 
boron to uranium would consist of: 1, two regulated X-ray power sources capable of 
delivering 50 to 100 ku at 35 ma, and 10 kv a t  200 ma, respectively; 2, at least two 
X-ray tubes, for example one with tungsten target, another with aluminum target; 3, one 
vacuum spectrograph; 4, a goniometer; 5, a pulse height analyzer; 6, high speed counting 
electronics; 7, a set o f  three to five analyzer crystals and molecular films, covering 
approximately the region of  4 to 100 Angstroms in d spacing; 8, recording and data 
processing systems. 

I t  i s  estimated that miniumum cost of such complete system i s  about $30,000. 

DISCUSSION OF PREVIOUS WORK AND PRESENT INVESTIGATION 

Part A attempts to show that the X-ray spectrographic analysis of surfaces of pellets 
produced by the pressing of  unfluxed and undiluted finely ground rock powders against 
glass discs, i s  precise, accurate, and sensitive for a l l  major and some minor elements 
i n  a wide variefy of  rocks. 

The precision of measurenienf- of ihe major constituents of rocks i s  seriously affected 
every time the sample i s  handled, therefore an analytical method with a minimum of 
handling steps was sought. The nondestructive nature of X-ray spectrographic analysis 



provides the best opportunity to study the precision OF measurement on the same sample, 
because, unlike gravimetric or emission spectrographic procedures, the original sample 
need not be destroyed by dissolving, fluxing, or burning. This eliminates the uncertainty 
factor of  the final splitting and sample preparation, and enobles us to study very small 
changes i n  composition due to splitting and other Factors, The first aim of the present 
work, therefore, was the development of  a nondestructive and highly precise method 
o f  measuring percentages o f  the major rock constituents. 

The precision of analysis usually increases with increasing concentration . In silica, 
which i s  the major constituent of  igneous rocks (40-80%), the highest precision i n  terms 
of  relative deviation had previously been achieved with gravimetric double HCl method 
(Fairbairn and others, 1951; Fairbairn, 1953; Stevens and others, 1960). The stafistical 
interpretation s f  the 60 analyses so performed leaves some doubt as to the re liobi lity and 
significance of the conventional reporting of silica to four significant Figures in grovimetric 
analysis, Much highex pecision is required to iustify the reparting of Si02 to 0.01 percent 
i n  these materials. On the basis of  the 60 analyses mentioned above, there i s  doubt 
whether grcavimetrically one w i l l  ever be able to achieve this kind of reproducibility. 
The main reason for this i s  that one i s  trying to "catch and hold" one par$ of  S i02 in 
seven thousand parts. 

Baird (1961), Baird and others, (1962, 1963o) using borox fluxing, developed by 
Claisse (1956), and quark dilution, have established that high precision can be achieved 
by X-ray spectrographic methods for a l l  major elements i n  rocks including Na and Mg. 

Chodos and Engel (1961) hove shown that g o d  occuracy can be achieved with direct 
analysis of amphibolite rock powders of  basaltic composition for Fe203, CaO, K20, 
Ti02, and MnO. Other workers in t h i s  field have mostly preferred using different fluxing 
and di lut ion met.hods, as can be seen from the comprehensive literature list on sample 
preparation methods compiled by Bertin and longobucco (1962). Recently, La203 heavy 
abserber addition technique was introduced i n  combination with L i2B407 and boric acid 
fusion with very good results (Rose and others, 1962). bngobucco (I 962) achieved good 
results i n  analysis of different minerals and standards using o combined borox - Li2C03 
fluxing method at 1350' C, but notes (p. 1264), that "Each of the minerals studied shows 
a loss on ignition ranging from 0.4 to 17% ." To avoid these high losses each "sarnpie 
material was ignited or calcined at 1350' C before use." I t  should be clear From this, 
that the X-ray results can be only as good as the sample preparation methods, in many 
acid fluxes when water, fluorine, chlorine and some heavy oxides are present, pyrolytic 
losses are possible. In addition Li2C03, sodium salts, potassium salts and other similar 
compounds are partly vo la~ i l i red  at high temperatures necessary for ffuxing, introducing 
unknown loss faclars and changing dilution ratios. Water-bearing fluxing reagents notura Ely 
present the most dif f icult  problems. 

In sodium and magnesium analysis by soft X-rays, b i r d  and others (1962) hove used 
pressed rock powders diluted with quartz-crystal powder with good results. 

In December, 1961, and January, 1962, this authoradapted Chodos' loose powder 
method (1961) to the analysis of eleven rock powders, analyzed i n  this laboratory, with 
good reproducibility and accuracy for Mn and Ti, but only satisfactory results for Fe, Co, 
and K, and unacceptable results for S i  and Al.  This i s  apparently due to the variation 
i n  density o f  nonpressed powders, which would naturally affect most the intensity of 
the moior elements. 

With the development o f  a pressed-specimen die (Baird, 1961), direct pressing of 
rock powders without binders became possible. This author adapted this method imme- 



diately. Some improvements to this pressing technique were made in the summer of 1962 
by adding a second piston and using a glass disc underneath the powder sample O/olborth, 
1963.a). Considerable improvement in precision and accuracy was achieved for a l l  elements 
including silicon and aluminum. The pel let surfaces produced by this technique are 
extremely smooth and uniform, permitting the high precision of measurement necessary. 
The importance o f  good surface reproducibility must be emphasized, especially when 
working with soft X-rays, as i n  the case of  Na, Mg, A l  and Si (Henke, 1962; Baird and 
others, 1962). 

If the present state of  X-ray spectrographic analysis i s  critically examined, one i s  
impressed by the diversity of its uses. Excellent applied work has been done i n  this Field, 
and there i s  general agreement that the method offers unprecedented precision i n  the 
determination of  most elements. When, however, the accuracy of the method i s  con- 
sidered, we soon realize that a multitude of  problems has develeped i n  the analysis of 
different substances. Moss absorption effects, enhancement effects, homogeneiv effects, 
grain size effects, and specific mineralogical effects, are the main factors influencing 
the accuracy of  the X-ray determinations. Quantitatively examined these effects can 
strongly affect the results, even making them meaningless in some cases. Measurements 
of  the magnitude of these effects have been made by different workers in their laboratories, 
and experimental correction factors have been established for most of  them. Unfortunately, 
when some of these factors are compared, relative differences of  several percent and even 
more are found, and i t  becomes a matter of  choice or intelligent guess which data to use. 

A practical analyst i s  interested i n  methods that would give him the best possible 
precision and accuracy with a minimum of work. Every experienced analyst knows that 
no universal machine exists that w i l l  satisfy a l l  his demands. He knows that an efficient 
laboratory i s  a combination of  instruments that are most suitable to solve his specific 
problems. He nevertheless strives a t  a l l  times to restrict his equipment to the necessary 
minimum, because he knows that he should never attempt to do his work with greater 
precision and accuracy than are necessary to solve the specific problem. 

The present work has evolved from similar considerations. The question to be answered 
was whether i t  i s  at present possible, i n  the analysis of a l l  major constituents of igneous 
rocks, to ignore some of the different effects inherent of the X-ray spectrographic method, 
and sti l l  achieve the precision and accuracy of the conventional silicate analysis, 

The present work has been partially supported by National Science Foundation grant 
number GP-864, 

STATISTICAL TERMINOLOGY 

The statistical terminology used in this paper i s  identical with that used i n  the U. 5. 
Geological Survey Bulletins 980 and 1113 (Fairboirn and others, 1951; Stevens and others, 
1 960). 

- n, 
number of pellets analyzed. 

X I  arithmetic mean. 
d, deviation of  an observation from the mean. 

standard deviation or the uncertainty of a 

n-1 single observation. 






























































































































































































































































































