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CHAPTER I 

ll~TRODUCTION 

I.l. PURPOSE OF THE THESIS 

A study currently in progress in the Geosciences Department at 

Texas Tech University investigates rock origin and history using 

1 
zircon crystals. Zircon (ZrSi0

4
) forms tetragonal crystals of 

density 4.7 and hardness 7.5 on the Mohs scale. The crystals occur 

naturally in granitic rocks in concentrations of about 0.02% by 

weight and are nearly twice as dense as the other minerals. Because 

of their physical strength and relative inertness under geological 

conditions, zircons are not broken down and reformed during metamor-

phism, hence, their concentration and location in recrystallized rock 

units give evidence of original distribution and aid in distinguishing 

between igneous granites and granitic gneisses. 

The process now being used to separate zircons for analysis is 

as follows. The rock sample is sliced thinly enough for single 

feldspar phenocrysts or porphyroblasts to be exposed on both sides of 

the slab. These areas of interest are carefully separated from the 

surrounding groundmass with cutting pliers. About 200 grams of the 

feldspar and groundmass fractions are each mechanically reduced to a 

particle size of less than 500 microns by a roll crusher having a con-

stant size opening which produces a minimum grinding action and thus 

frees most of the zircon crystals unbroken from the matrix. The 

crushed and sieved rock samples are poured into bromoform and allowed 

to separate (minerals of density greater than 2.96, which includes the 

1 



zircons, settle). This heavy fraction also includes ferrous minerals 

which are then separated by a magnetic field working against gravity 

2 

on a vibrating slide. The non-magnetic materials from this operation 

are mixed with methylene iodide which floats materials of density less 

than 3.32. The remaining minerals at this stage of separation are 

principally pyrite and zircons. Careful pyrolysis drives off sulfur, 

changing the oxidation state of some of the iron atoms to a magnetic 

state which can then be separated. Finally, the zircon crystals are 

identified and measured using a petrographic microscope and subsequently 

weighed to determine concentrations within each component of the origin

al rock. 

The ratio of zircon concentration in phenocrysts to that in the 

groundmass and the ratio of concentration within porphyroblasts to that 

in the groundmass provide information regarding the formation mechanisms 

of recrystallized rocks by showing whether original materials have 

been physically displaced. The ratios thus aid in differentiating 

metamorphic granites from igneous granites. 

The separation procedure takes approximately 20 hours per sample. 

It became obvious during the study that a simpler and faster method of 

analysis would be desirable. Quantitative zircon analysis by x-ray 

fluorescence in-situ or from powdered rock samples offers an alternative 

method. This thesis investigates the requirements and describes a 

procedure for making such measurements. 

I.2. FACTORS AFFECTING FLUORESCENT INTENSITY OF A SAMPLE 

An element exposed to ionizing radiation of sufficient energy 

to interact photoelectrically will emit x-radiation. This radiation 
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includes fluorescent or characteristic x-rays arising during transitions 

of atomic electrons between fixed energy levels and therefore is Char-

acteristic of the element. Figure 1 illustrates the process sche-

matically. A photoelectric interaction in an inner shell leaves the 

atom ionized with a vacancy in a low energy (strongly bound) level. 

Of the. remaining electrons, one will make a transition from its higher 

energy state to the vacancy in the lower energy state, emitting a 

characteristic photon with energy equal to the difference between that 

of the initial and final levels. This transition leaves another 

vacancy which is filled by another electron of higher energy etc. 

until the vacancy has moved to the outer shell and the ionized atom 

recombines with a free electron. The entire reaction produces a 

cascade of photons of different energies. The photons from transitions 

to the inner shells have energies in the x-ray region while the photons 

1 11 1 . 2 from the outer leve s are usua y ess energet~c. 

X-rays which arise from transitions into the K shell are called 

K x-rays; those which arise from transitions into the L shell are 

called L x-rays etc. The K (or L etc.) x-rays have a range of 

energies composing a series designated as the K (L etc.) series. The 

most useful characteristic x-rays or spectral lines for the purpose of 

elemental analysis are the K~ and KS (or the L~ and LB lines of 

heavier elements) in the range from a few thousand electron volts to 

about 40 keV. It is convenient to excite and detect x-rays in this 

range and the K x-rays are more intense than the others. The K~ and 

KB lines are doublets as shown in figure 1. 

The x-ray spectra of all elements are similar and the energies 
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of corresponding lines increase regularly according to Moseley's Law, 

that is, approximately as the square of the atomic number. The chem-

ical state of an element has negligible effect on its x-ray spectrum 

since the chemical binding energy is small compared to the binding 

energy of the inner electrons. These features make fluorescent x-ray 

spect~oscopy useful in non-destructive elemental analysis of chemical 

composition. 

The observed fluorescent intensity, I, from an element in a 

matrix of other elements is a function of many interrelated parameters. 

Figure 2 is a schematic diagram of a beam path used in calculating 

the differential fluorescent intensity, di, from a volume of thickness 

dx at a depth x in a sample. The collimated beam of intensity N (E) 
0 

is incident at an angle e and the detector location is such that only 

the fluorescent x-rays coming from the sample at an angle ~ are 

5 

detected. The mass attenuation coefficient of the sample is the weighted 

sum of the mass attenuation coefficients of the elements of the sample. 

where CA' CB, CC ••• are the concentrations of the elements A, B, C, 

etc. For convenience, the rest of this section considers only two 

components. The attenuation coefficients include the absorption by 

all energy levels, that is, 

~(E)= ~K(E) + ~LI(E) + ~Lll(E) + ~LIII(E) + ... 

(1) 

(2) 
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·Attenuation by absorption but not by scattering is considered for this 

calculation. 1 

The number of incident photons in the energy range E to E + dE is 

N
0

(E)dE. The beam is attenuated as it passes through the sample and 

the number of photons remaining from the incident beam at depth x is 

·p(E) px 

N(E,x) = N (E)dE e 
0 

sin e 
(3) 

The number of photons absorbed from the beam by the volume of thickness 

dx is 

dN = dN/dx dx = - p~E)p N (E)dE e 
S1n 6 0 

p(E)p 
sin 6 X 

dx (4) 

Since a vacancy in the K shell is required to produce a K x-ray, the 

K fluorescent intensity depends on the absorption of the excitation 

photons by photoelectric interaction with a K electron. Therefore 

the differential intensity from the volume is proportional to the 

number of photons absorbed by the volume. 

dl ~ - dN (5) 

Not all absorptions give K x-rays from the element of 

interest. Only the fraction 

rise to 
CApA(E) 

p(E) of the photons absorbed in the 

volume are absorbed by the element A. Also, pA(E) includes the absorp

tion by all energy levels, not just the K electrons, so 
p~ 

reduced by the factor ----------~~----~--P------~+----- = 
~~+PALl+ ~ALII+ ALII! ••• 

that dl is 
5K-l 

SK 

1 

7 

At 20 keV the ratio of scatter to photoelectric absorption for 
Silicon is about 9%. Below this energy it is much smaller. (Siegbahn, 3). 
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Auger interactions further reduce di by the fluorescent yield, W. 

Also only a fraction, p, of the K x-rays are K~ x-rays. Finally, the 

process is isotropic and only a fraction, q, of the fluorescent x-rays, 

equal to the solid angle subtended by the detector are counted. In a 

given case, 
5~1· 2 

S , W, p, and q are all constants 
K 

for the material being 
5K-l studied and can be replaced by a single constant, K = S Wpq. Thus 

K 
relation (5) becomes 

(6) 

The fluorescent x-rays which are of energy ~, are also attenuated 

as they leave the sample. The differential intensity of the observed 

fluorescent x-rays therefore becomes 

KCAlJ.A(E) 
di = - ------~--l-1 (E) 

or, substituting equation (4), 

dN e 
ll (~) p 

X 
sin 1./J 

-[ ll(E} + lJ.(~}] px 
sin e sin 1./J dE dx 

The useful excitation energy is continuous from E to the max 

(7) 

(8) 

K-edge, and x-rays are excited at all depths within the sample. The 

intensity I is then 

X E x E . ll(E) ll(~) 
f !max lJ.A(E)N

0
(E) e-[sin 6 +sin 1./J]px dE dx I = f /max di = 

o K-edge o K-edge 

2 
llK + llLI + llLII + llLIII + •. · 

s = K ll +ll +ll + LI LII LIII ••• 

(9) 

is the absorption jump ratio, 

5K-l d is a function of energy but changes extremely slowly and is treate 
SK 

as a constant. (Siegbahn, 4). 



·The intensity from a sample of thickness x is 

K CA 
I=--

sin e 

-[ ll(E) + ll(a)] px) 
E llA(E)N (E) (1 - e sin e sin 1JJ . dE 

J max o 
K-edge 

·}J(E) + ll{Cl) 
sin e sin 1JJ 

(10) 

Surface roughness, non-uniform density and heterogeneity also affect 

the fluorescent intensity. 5 Equation (10) disregards these effects. 

For samples thicker than the effective penetration of the excit-

ation beam, equation (10) reduces to, 

I = 
K CA 
sin e 

E 
f max 
K-edge 

llA(E)N
0

(E)dE 

[ ll(E) + ll(a)] 
sin e sin ljJ 

The fluorescent intensity for samples very thin compared to the 

effective penetration of the excitation beam may be approximated by 

-x expanding the exponential function e = 1 - x. Thus, 

I = 
K CApx 

sin e 

and the intensity is proportional to the thickness of the sample. 

If the intensity and distribution of the excitation spectrum 

are known the intensity equation can be solved numerically. For 

the problem considered in this thesis such a solution is impossible 

because the matrix composition and hence the parameter ll(E) are 

(11) 

(12) 

unknown. However, consideration of the intensity formula shows that 

the observed fluorescent intensity of a sample is not simply pro-

portional to the concentration of the element, but is a complex 

function depending on absorption effects and the nature of the 

excitation spectrum as well. 

9 



1.3. SCOPE OF THE THESIS 

The purpose of this work is to investigate the possibiiity of 

determining the zircon concentration ratio of two rock samples using 

x-ray fluorescence techniques. TI1e optimum operation parameters 

will be determined as follows: the optimum pulse shape for the 

detection system will be found by observing the energy resolution as 

a function of pulse shape; the optimum excitation parameters will 

be determined by observing the zirconium Ka x-ray and background 

intensities as a function of beam size, filter, and excitation 

spectrum intensity. The optimum sample preparation techniques for 

detecting zirconium in rocks will be determined by comparing fluore

scent x-ray intensity measurements for samples constructed under 

different conditions. The relationship of fluorescent intensity to 

concentration and the minimum sensitivity of the measurement will 

be determined by measuring standard samples. 

Since the observed fluorescent intensity of zirconium depends 

on the composition of the rock matrix in which it exists, the zircon 

concentration ratio cannot be determined directly from fluorescent 

intensity measurements of two samples. The standards for determining 

fluorescent versus concentration will be prepared by grinding the 

rock sample to a uniform particle size, and adding powdered zircons 

in various proportions from zero to 100 percent to several identical 

portions of the powdered rock. This set of powdered samples will 

then be pressed into pellets with a hydraulic press to improve the 

density uniformity. 

Since these samples will be prepared from the rock being investi-

10 



·gated they will each contain the same initial amount of zircon in 

addition to the zircon added. Measurements of these samples will 

give fluorescent intensity versus zircon concentration added which 

will be used to demonstrate the relationship intensity versus con

centration. These measurements will also be used to find the initial 

zircon content of the rock and the minimum sensitivity of the measure

ment. For this study all the zirconium will be assumed to be in the 

form of zircons even though zirconium sometimes replaces other elements 

in minerals. 

11 



CHAPTER II 

METHODS AND PROCEDURES 

II.l. EQUIPMENT 

The system used in the quantitative analysis of zircon in rocks 

is shown in figures 3 and 4. Table I identifies the equipment. The 

x-ray generator tube has a tungsten anode and is capable of continuous 

operation at 50 kVp, 20 mA, although the output appears to be more 

stable for more conservative operation. The x-rays are filtered by 

lead foil approximately 0.00127 centimeters thick. The attenuation of 

lead is greater in the energy region of the zirconium Ka x-rays than 

it is at the zirconium K-edge. The filter; therefore, reduces the 

primary beam intensity in the Ka region and thus reduces the back

ground under the observed Ka line. The x-rays are collimate by a 

lead collimator 0.056 centimeters in diameter by 5 centimeters long 

and diverge to approximately 0.32 centimeters diameter at the sample. 

The sample is mounted on a mechanical microscope stage, figure 4 

which allows for precise, repeatable positioning of the sample in the 

beam. The stage is supported by the detector housing and pivots 

horizontally to vary the beam incidence angle. The sample is taped 

to an aluminum sample carrier which fits the mechanical stage. 

The ORTEC 7014-10325 detector is lithium compensated silicon 

with a beryllium entrance window 0.12 millimeter thick. It has an 

active diameter of 10 millimeters and a sensitive depth of 3 milli

meters. The detector assembly is mounted on a cryostat and is cooled 

to liquid nitrogen temperatures by a cold finger. 

12 



13 

TABLE I 

EQUIPMENT IDENTIFICATION 

Description MFGR Model Serial TTU Serial 

X-Ray Rigaku 4001B2 TY195A9 140044 
Generator 

Collimator Rigaku 1300 Sl04458 -----
Support 

Collimator ---- ----- ----- -----
Detector and Ortec 7014-10325 9-1513 134967, 
Cryostat 134967A 

Microscope ----- ----- ----- 69700 
Stage 

Power Supply Ortec 402A 02245 119448 

Pulse Ortec 419 349 119448 
Generator 

High Voltage Ortec 446 811087 119448 
Supply 

Linear Tennelec TC200 173 102060 
Amplifier 

Analyzer RIDL 34-12B 126218N 103232 

Printer Hewlett H43562A 31201026 103233 
Packard 

Plotter Hewlett 7590C 729-00531 120089 
Packard 

GM Tube Nuclear 109 469 -----
Chicago 

Scaler Nuclear 186 161 62689 
Chicago 
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FIGURE 4. DETECTOR AND MOVEABLE SAMPLE STAGE 



Ionizing photons incident on the detector create electron-hole 

pairs in the depletion region of the semiconductor analogous to ion

electron pairs in the gas of an ionization Chamber. An electric field 

across the depletion region causes the electron-hole pairs to separate 

and the charge to collect at the pre-amplifier input. Approximately 

3 eV (divided between exciting lattice vibrations and electron-hole 

pairs) is required to excite an electron into the conduction band 

producing an electron-hole pair. If the incident photon loses all 

of its energy in the active region of the detector, the amount of 

charge collected, or the pulse size, will be proportional to the 

energy of the photon; the proportionality constant will be approx

imately 1/3 electron-hole pair per electron volt. 

An average of approximately 30 eV is required per electron-ion 

pair in a gas and 300 eV in a scintillation detector. Therefore, 

the statistics governing the resolution of the solid detector for a 

given incident energy is increased by a factor of 110 to l 100 over 

the others allowing it to resolve low energy x-rays. Because the 

limiting factor for energy resolution is detector and preamplifier 

noise, the detector is maintained at about 100 K to reduce thermal 

6 
excitation of electrons into the conduction band. 

The preamplifier is a charge sensitive circuit with capacitive 

feedback to eliminate changes in capacitance (and thus pulse size) 

with conduction. It is an integral part of the detector and is also 

kept at liquid nitrogen temperatures to reduce thermal noise. It has 

a rise time of less than 100 nano-seconds and an exponential decay of 

50 microseconds. These time constants permit variable pulse shaping 

16 



·in the amplifier section. 

The Tennelec TC 200 amplifier has three gain stages. The first 

and third stages have fixed gains o£ 2 and 4 respectively, and the 

second stage has a variable gain from 0.5 to 256. Two RC differenti

ators and one RC integrator with variable time constants from 0.05 

to 12~8 microseconds provide pulse shaping for two purposes. First. 

the differentiators minimize pile-up or summing of pulses which over

lap by clipping the pulse so that its duration is short compared to 

the average spacing of the pulses. Second, the high-and low-pass 

action of the differentiator and integrator circuits provide a band 

pass filter for the pulses and therefore improve the signal to noise 

ratio. The output o£ the amplifier provides pulses up to a maximum 

of 6 volts with positive polarity for pulse height analysis. 

The RIDL model 34-12B 400 channel analyzer is comprised of an 

analog to digital converter, a logic section, and arithmetic section, 

and a magnetic core memory. When a pulse arrives from the amplifier, 

the converter generates a pulse train, the number of pulses being 

proportional to the voltage amplitude of the incoming analog signal. 

The logic circuit assigns an address in the memory according to the 

number of pulses. The arithmetic section reads the number stored at 

the address, adds 1 and rewrites the sum into the memory. Since each 

address corresponds to a pulse train length and thus to the incoming 

signal amplitude, each address or channel corresponds to a narrow 

range of voltages and thus to a range of energies ~. 

17 

The analyzer processes one signal at a time and is insensitive to 

incoming signals during this time. A live time Eode provides a correction 



for. this by allowing the timer to operate only while the analyzer is 

sensitive to incoming signals. 

The spectrum which is stored in the analyzer can be viewed on an 

oscilloscope read out which provides a plot of N(E) versus E. The data 

are also available in graphic form from the HP-7590C x-y plotter or 

numerical form from the HP-H43 562A printer. 

II.2. OPTIMUM MEASUREMENT CONDITIONS 

PULSE SHAPE 

The relationship of the system's energy resolution to the amplifier 

parameters was investigated since the maximum sensitivity of the de

tection system corresponds to the minimum (best) resolution 7 Table II 

shows the relative FWHM as a function of the amplifier parameters. For 

convenience, the measurements were first made using the Kn x-rays from 

tin at nominal count rates and later confirmed for zirconium. 

The overall gain of the amplifier is a function of the time 

constants in the pulse shaping networks. Therefore, the measurements 

were made at a constant output pulse size by setting the desired time 

constants and then adjusting the gain of the second stage so that the 

tin Ka peak fell into the same channel each time. The width of the 

peak at half-maximum was determined from the analyzer's oscilloscope 

by counting the number of channels between the half-maximum points. 

Table II shows that the resolution is almost constant for a broad 

range of settings. Time constants of 3.2 microseconds for the diff

erentiators and 1.6 microseconds for the integrator were chosen as 

optimum and used for the measurements considered in this thesis. 

18 
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TABLE II 

Energy Resolution as a Function 
of Amplifier Parameters 

Fine 
Gain 

Min. 

.65 

.55 

.55 

.48 

.80 

.54 

.80 

.64 

1st 
Diff. 

1.6 

1.6 

1.6 

3.2 

3.2 

3.2 

6.4 

6.4 

6.4 

2nd 
Diff. 

1.6 

3.2 

6.4 

1.6 

3.2 

6.4 

1.6 

3.2 

6.4 

Int. 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

1.6 

FWHM 
Relative 

4 

3.5 

4 

3.5 

3 

3.5 

3.5 

3.5 

3.5 

For convenience, only the portion of the data in the 
region of the minimum FWHM is shown. 
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INCIDENT BEAM NORMALIZATION 

The intensity equation calculated in chapter one assumed that the 

intensity of the incident beam, N (E) was constant with respect to time. 
0 

Any current or voltage drift in the x-ray generator will change the 

intensity and may require correction. During the sample measurements, 

the x-ray beam intensity from a second port, 90° from the one used to 

excite the sample, was monitored by a GM counter (see figure 3). This 

monitored intensity was used to correct the data for beam intensity 

fluctuations. 

This method of normalization was assessed by monitoring the beam 

as described while making fluorescent intensity measurements of pure 

zirconium at two different x-ray tube currents. Table III shows the 

fluorescent intensity of the pure zirconium sample in column A and the 

GM counter response in eolumn B. The values are normalized to the 

intensity and response measured in trial 5 for comparison. Each mea-

surement was for one minute live time and the entire experiment extended 

over a period of about thirty minutes. 

Reducing the x-ray tube current from 10 mA to 5 mA did not reduce 

either the fluorescent intensity or the GM counter response by one-half. 

This may have been due to inaccurate current meter indication or a 

change in the energy distribution in the beam. The change in fluorescent 

intensity was 0.64 while the change in GM counter response was only 0.92. 

This indicates that normalization of the fluorescent intensity for all 

beam intensities is impossible using the GM counter to monitor the beam 

intensity. However, the measurements show that the beam intensity at a 

particular voltage and current is constant to within a few percent. 



TABLE III 

Fluorescent Intensity and GM Counter Response 
As a Function of X-Ray Tube Current 

Trial Current A B 
mA 

1 10 0.996 ± 0.005 1.009 ± 0.007 

2 10 0.991 ± 0.005 1.009 ± 0.007 

3 10 0.994 + 0.005 0.998 ± 0.007 

4 10 0.990 + 0.005 1.007 ± 0.007 

5 10 1.000 + 0.005 1.000 ± 0.007 

6 5 0.636 ± 0.006 0.920 ± 0.008 

7 5 0.641 + 0.006 0.918 ± 0.008 

8 5 0.633 ± 0.006 0.909 ± 0.008 

9 5 0.633 ± 0.006 0.918 ± 0.008 

10 5 0.634 ± 0.006 0.915 ± 0.008 

Column A is the fluorescent intensity of pure zirconium 
and Column B the beam intensity measured simultaneously 
from a second beam port by a GM counter. The GM counter 
data is corrected for dead-time losses. The data is 
normalized to the intensity and response measured in 
trial 5. 
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Consequently, all measurements will be made at the same current. 

EXCITATION SPECTRUM 

Figure 5 shows the x-ray spectrum of the tungsten anode x-ray tube 

used to excite the rock samples, operated at 35 kVp. The spectrum is 

continuous with a maximum energy of about 32 keV and an average energy 

of about 17 keV. Point a is 17.998 keV, the K-absorption edge energy 

for zirconium; point b is the average energy; and point c is 15.69 keV, 

the zirconium Ka energy. The excitation energy must be at least that 

of the K-edge of zirconium (17.998 keV) in order to excite fluorescence. 

All the x-rays above this point either contribute to the flourescent 

intensity, are absorbed in the matrix, or are scattered. The x-rays 

below this energy cannot excite the K electrons and are either absorbed 

or scattered. 

The background radiation detected when measuring x-ray fluorescence 

is primarily radiation scattered from the sample. This background has 

an incoherent component (Compton scatter) which is slightly lower in 

energy than the incident photons and a coherent component (Rayleigh 

scatter) which is unchanged in energy. Incident photons with energy 

of about 15.69 keV that are Rayleigh scattered and incident photons in 

the energy range above 15.69 keV that have compton components in the 

energyrangeof 15.69 keV will increase the background at the zirconium 

Ka energy thereby reducing the sensitivity of the measurement. For a 

primary beam of 35 kVp, the greatest number of photons is in the energy 

range just above 15.69 keV. Therefore, the background radiation at the 

zirconium Ka energy is a maximum making the sensitivity a minimum. 
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The optimum excitation source would be a monoenergetic x-ray with 

an energy just greater than 17.998 keV where the probability of photo

electric interaction with a zirconium K electron is greatest. Coherent 

scatter from this source would be too energetic to interfere with the 

Ka x-rays, and the maximum energy loss for campton scatter at this 

energy is about 1.18 keV so that the compton background would also be 

too energetic to interfere. Radioactive nuclides with monoenergetic 

gamma photons or x-rays resulting from electron capture can be used as 

excitation sources, but few nuclides are available with the energies 

desired, and, in general, they are very weak compared to a small x-ray 

tube operated at a few watts. With proper accelerating potentials, 

target materials, and filters, x-ray energies may be generated which 

24 

are thousands of times more efficient for exciting x-ray fluoresence 

than most radioactive nuclides. The x-ray source is not monoenergetic, 

but its energy spectrum can be improved for exciting zirconium Ka x-rays. 

Figure 6 shows the effect of a lead filter on the 35 kVp x-ray 

spectrum of figure 5. The 11-edge of lead is 15.861 keV and the 

attenuation is a relative maximum at this energy. Figures 5 and 6 show 

that for the same number of photons (increased tube current compensates 

for the attenuation of beam intensity), more photons contribute to 

exciting fluorescence and less are in the range to contribute to back

ground. With the greater attenuation of lower energies, the average 

energy, point b, is raised to about 22 keV. Figures 7 and 8 show the 

effect of the lead filter on the zirconium spectrum in a rock sample. 

Figure 9 shows the x-ray spectrum of pure zirconium for comparison. 

Use of the filter decreases the background intensity by a factor of 

about 4, improving the minimum sensitivity by a factor of about 2. 
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SAMPLE PREPARATION 

The intensity equation developed in chapter one ignored sample 

heterogeneity, non-uniform density, and surface roughness because of 

the complexity of their effects. Zircons are about twice as dense as 

the other minerals in granite. In a powdered sample they tend to 

settle to the bottom with any shaking, and samples should not, there

fore, be mixed by shaking. The attenuation coefficient of a material 

is a function of its density. If a loosely packed powder does not 

have uniform density, the fluorescent intensity may not be uniform 

from all parts of the sample. Surface roughness causes minor varia

tions in absorption over different parts of the surface. Therefore, 

the surface should be as smooth as possible. All of the samples for 

this study were prepared by pressing into pellets in a hydraulic press 

with a polished anvil to minimize the effects of non-uniform density 

and surface roughness. 

Three sets of samples were prepared and measured. The samples of 

set number one were mixed in a shaker and no special precautions were 

taken to insure uniform sample thickness and density. The rock powder 

for samples of set number two was mixed by tumbling end-over-end in 

narrow vials but no special precautions were taken to insure uniform 

sample thickness and density. Each sample contained approximately the 

same amount of powder, however. Samples for set number three were 

mixed by tumbling, the amount of material in each sample was measured 

to insure uniform thickness, and the samples were pressed under ident

ical pressures for identical lengths of time to insure uniform density. 

29 

The adequacy of these preparation methods is compared in the next chapter. 



SAMPLE PARTICLE SIZE 

If the particle size in a coarse grained powder is larger than 

the effective penetration depth of the excitation beam the fluorescent 

intensity will be directly proportional to the concentration of the 

8 
element. This condition is easily met in a material of moderate 

atomic weight where the absorption coefficient is high. Granite is 

composed chiefly of the low atomic number components silicon, oxygen, 

and aluminum, and might have the following composition: 9 

Si02 ••• 70.18% 

A1203 •• 14.7% 

Na0
2 

K 0 
2 

plus other minerals in lesser quantities. 

• • • 3.48% 

• • • 4.11% 

The mass attenuation coefficient of the rock is the sum of the 

mass attenuation coefficients of the component elements weighted by 

their concentrations. If the density of the rock is 2.65, the attenu

ation coefficient for the composition above is ~ ~ 9.9 cm-l at 18 keV, 

and ~ ~ 13.8 cm-l at the zirconium Ka energy. The rock material used 

30 

was ground to a particle size of approximately 0.05 centimeter diameter. 

The incidence and detection angles were approximately 45°. 

Using the attenuation coefficients assumed above, fluorescent Ka 

x-rays excited at the surface of the second layer of grains (0.05 centi-

meters) would be 0.19 as intense as fluorescent Ka x-rays excited at 

the surface of the sample. Although the particle size is large, the 

samples do not meet the coarse grain criterion because of the low 

atomic weight components. 
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SAMPLE THICKNESS 

The samples measured for investigating the relationship fluorescent 

intensity versus concentration were approximately 1.35 millimeters thick. 

Table IV shows the fluorescent intensities for two samples which are 

identical except for their thicknesses. Sample I was prepared from 

3.000 grams of powdered rock and sample II from 2.173 grams. Since 

the areas of both samples are the same their thicknesses are in the 

ratio of 0.724. The samples were rotated 90° clockwise for each 

measurement to compensate for positioning errors and surface effects. 10 

Trial one was made using a beam 1/8 inch diameter at the sample. Trial 

two was made using a beam one inch in diameter to ascertain whether the 

intensity differences measured were due to non-uniformities in the 

sample. 

The average intensities differed by a factor of 0.615 ± 0.085 in 

trial one and by 0.722 ± 0.118 in trial two. These factors agree 

within one standard deviation and are accounted for if the fluorescent 

intensity is a function of sample thickness. 

Using the larger beam to excite the entire sample minimized the 

effects of positioning error and sample heterogeneity. The fact that 

the sample standard deviations for the larger beam are about the same 

as for the smaller indicates that the experimental errors are primarily 

from surface effects and that the small beam is adequate for measure

ments of pressed powder samples. 



Sample 

(Position) 

I 

II 

Sample 

(Position) 

I 

II 

TABLE IV 

Fluorescent Intensity as a Function of Sample Thickness 

Trial 1, Beam Diameter 1/8 inch 

Relative Fluorescent Intensity Average 

(00) (90°) (180°) (2 70°) 

5452 6090 5296 5361 5550 ± 7% 

3028 3964 3178 3478 3412 ± 12% 

Trial 2, Beam Diameter 1 inch 

Relative Fluorescent Intensity Average 

(00) (90°) (180°) (270°) 

13688 13721 12910 13613 13483 ± 3% 

10331 11293 9798 7516 9735 ± 16% 

Ratio 

0.615 ± 0.085 

Ratio 

0.722 ± 0.118 

w 
N 
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.II.3. CALIBRATION MEASUREMENTS 

Quantitative measurements require that the relationship between 

the concentration of the element and the fluorescent intensity be known. 

Since it is impossible to calculate the concentration directly from 

the intensity because the matrix composition is unknown, calibration 

measu~ements are necessary. A rock whose zircon concentration is known 

cannot be used for calibration unless its matrix is the same as that of 

the unknown being measured. Adding various known amounts of powdered 

zircon to the unknown sample provided samples with a matrix composition 

as close as possible to the unknown. Measurement of the intensity 

versus zircon concentration added and extrapolation of this curve to 

its intersection with the abcissa give the original concentration of 

zircons in the sample. 

An example of the method to be used is shown in figure 10 which 

is a graph of fluorescent intensity versus concentration of zircon 

added for samples of set number one. As expected, the relationship 

is not linear over the entire concentration range, but is approxiately 

a straight line for concentrations less than about 1%.
11 

The zircon 

content of the rocks of interest was in this range, thus the fluorescent 

intensity can be considered as being directly proportional to the zircon 

concentration and theextrapolatedconcentration will yield the original 

concentration of zircon in the rock. 
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CHAPTER III 

DATA 

Sample set one contains four plain samples (0% zircon added) and 

duplicate sample for nine concentrations up to 100% prepared from a 

quartz monzanite porphyry from Mt. Princeton, Colorado. Set two con

tains duplicate samples for seven concentrations from 0% to 3.51% and 

set three contains triplicate samples for concentrations of 0.076% and 

0.130% and duplicate samples for 0%, 0.522%, and 1.05%. There was 

insufficient sample to prepare triplicates for each concentration. 

Sets two and three were prepared from a granitic gneiss from Browns's 

Canyon, Colorado. The methods used to prepare the samples are discussed 

on page 28. Measurements of each sample were made at different times 

so that the standard deviations include normalizing errors. 

The fluorescent intensities were obtained by summing the counts 

in the zirconium peak and subtracting background. The background was 

determined from extrapolation of the x-ray spectrum in the neighbor

hood of the zirconium peak. KS x-rays (16 keV) from a strontium com

ponent in set one could not be resolved from the zirconium Ka x-rays. 

A correction for this addition to the fluorescent intensity was calcul

ated by measuring the strontium Ka intensity and multiplying by the 

intensity ratio of KS to Ka. 

The fluorescent intensities measured from these samples are· pre

sented in Table·V. For thirty minute live time measurements of the 

plain samples in set three, the average gross count was 23113 and the 

average background count was 16394, corresponding to a zircon concen-

35 



tration of 0.018%. These values are used to calculate the minimum 

sensitivity. 
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TABLE V 

Fluorescent Intensity Versus Concentration 
Added for Standard Samples 

Set One 

Concentration Relative Standard 
Added Fluorescent Deviation 

(% Zircon) Intensity 

0 336 74 
0.101 747 75 
0.291 1556 859 
0.688 5215 521 
0.888 5434 2049 

Set Two 

Concentration Relative Standard 
Added Fluorescent Deviation 

(% Zircon) Intensity 

0 232 1 
0.064 438 73 
0.098 620 6 
0.151 850 135 
0.362 1842 236 
0.904 4792 790 

Set Three 

Concentration Relative Standard 
Added Fluorescent Deviation 

(% Zircon) Intensity 

0 76 12 
0.076 195 31 
0.130 398 20 
0.522 1511 81 
1.05 2840 351 
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CHAPTER IV 

RESULTS 

Figures 11 through 13 show fluorescent intensity versus percent 

zircon added for the standards and the standard deviation for the 

measurements of each concentration. The magnitudes of the standard 

deviations appear to indicate that errors associated with the measure-

ments can be decreased by careful sample preparation. 

A straight line fit to the data by least squares gives a method 

of extrapolating the line and estimating the error of the extrapolation. 

Because of the large uncertainties among the standards for each con-

centration there is a large uncertainty in the line which passes 

through these points. A least squares calculation for these points 

would give the same importance to points of large uncertainty as to 

points of low uncertainty. Therefore, the lines displayed in Figures 

11 through 13 were calculated by weighing the square of the deviation 

proportionally to the inverse of the percent variance. The equations 

for calculating the line parameters in this manner are: 

I w.x.y. - I w.x.Iw.y. 
1 1 1 . 1 1. 1 1 

i 1 1 
slope = ~----------~----~--~2 ' 

I w.x.
2 

<I w.x.) 
l l 1 1 

i 

intercept = 

i 

h 
. th . 

where w. is the weight given to t e 1 po1nt. 
1 

~w.x. 2Iw.y. -
. 1 1 • 1 1 
1 1 

Iw.x.Iw.x.y. 
. 1 1. 1 l l 
1 1 

I w.x.2 - (l w.x.)2 
1 1 1 1 

i i 

Thus, all the points are considered, but points with a large variance 

are not as important as the statistically better points in determining 

. 12 ,13 
the slope and intercept of the calibrat1on curve. The standard 

deviations for the line parameters and zircon content were calculated in 
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the normal manner. The extrapolated values for zircon content of the 

rocks and their standard deviations given in Table VI indicate the 

accuracy with which such measurements can be made. Analysis of the 

rock used to prepare sets two and three by the method described in the 

introduction, gave a zircon concentration of 0.029%. This agrees with 

the values of 0.037% ± 0.018% and 0.018% ± 0.014% obtained by x-ray 

fluorescence measurements. 

Each sample of set two was measured only once. The standard 

deviations for measurements of two concentrations were very small 

giving negligible weight to all points except these two and the least 

square equations degenerated to a line between two points. The standard 

deviations of the other points ranged from 13% to 17%. ·Therefore, the 

weights for calculating the line parameters given to these two points 

were assigned on the basis of the average standard deviation of the 

other measurements. 

Since a measurement three standard deviations above background 

has only a 0.3% probability of being due to statistical fluctuations 

in the background, measurements of this level are called minimum 

· · · · . 14 F h t f detectable amount or m1n1mum sens1t1v1ty. or t e measuremen s o 

the samples with no zircon added in set three, the average gross 

count was 23113 and the average background count was 16394 corresponding 

to a zircon concentration of 0.018%. The minimum sensitivity is 596 

counts which corresponds to 0.003%. A measurement of 596 counts in 

thirty minutes, however, would have a standard deviation of 66% due 

to poorer counting statistics if the same measurement errors were 

encountered. 



TABLE VI 

Line Parameters for Weighted Least Square Line 
and Zircon Content of Rocks Calculated 

From Fluorescent Intensities 

Set One 

6382 ± 
246. + 

Slope 
Intercept 
Zircon Content 0.039% ± 

683 
323 

0.051% 

Set Two 

Slope 
Intercept 
Zircon Content 

4827 ± 
179 ± 

0.037% ± 

338 
137 

0.028% 

Set Three 

Slope 
Intercept 
Zircon Content 

2737 
49 

0.018% 

± 74 
+ 37 
± 0.014% 
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CHAPTER V 

CONCLUSIONS 

This study shows that measurements of zircon concentration ratios 

in rock sampiesby x-ray fluorescence is feasable and that a minimum 

sensitivity of about 0.003% is possible. The procedure as outlined 

in this thesis takes about five hours divided between sample pre-

paration and measurements. The optimum excitation parameters, sample 

preparation techniques, and measurement procedure are presented and. 

a linear relation of fluorescent intensity versus concentration is 

shown to be valid in the concentration range which includes the rocks 

studied. 

HO\o1ever, the precision of the measurements made for the study is 

poor. The measurements of pure zirconium taken to evaluate the 

normalization procedure indicate that x-ray fluorescence is capable 

of good precision, but the rock sample measurements have very large 

errors. The measurements shown in Table IV indicate that most of the 

variance is from surface effects. Another probable source of error is 

the distribtuion of the grains according to depth within the sample. 

While the measurements indicated that sample heterogeneity is probably 

not the limiting factor on precision, the particles mixed should be 

h 
. 15 

approximately identical in size for greatest omogene1ty. 

Precision of the measurements could be improved some what by 

taking several measurements of each sample and rotating the sample for 

each measurement to ninimize the positioning and surface effect errors. 

Further size reduction of the rock particles will improve the homo-

44 



geneity and surface smoothness of the samples. Finally, the anvil of 

the pellet press should be repolished and then covered with thin .mylar 

when making samples to prevent build-up on the anvil face. As shown 

in Table VI, the concentration .measurements were .made to about 50-100% 

accuracy. This method can be improved appreciably only if a :more 

uniform method of sample preparation is found. 
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